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Abstract 
Abstract 
Finite difference numerical modeling has been used to study buoyancy-driven heat 
and fluid transport in submarine volcanic environments and its consequences for the 
formation of volcanic-hosted massive sulfide deposits in ancient and modern 
submarine seafloor environments. Two different geological settings were chosen to 
enable comparison of modeling results with field observations and determine the 
extent and significance of key modeling parameters (rock properties, fault structure, 
model geometry) on fluid migration, rock alteration and base metal accumulation 
under a variety of conditions. 
The first model combines field data with theoretical assumptions to examine 
heat and fluid flow in the Lau basin, a modern back -arc seafloor setting. An 
extensive sensitivity analysis of relevant rock and model parameters confirmed 
several key observations in the Lau basin, such as the location of major fluid 
discharge zones and measured discharge temperatures. Other results such as fluid 
velocities and heat flux are comparable with theoretical predictions and general 
seafloor measurements. New insights were obtained with regard to the controls on 
recharge-discharge patterns, deep-seated fluid migration and the life span of 
hydrothermal convection as well as the timing and minimum requirements for 
massive sulfide ore body formation on the seafloor. 
The second model researched the evolution of an ancient seafloor 
hydrothermal system in the Panorama district, Western Australia. The Archean 
Panorama district provides unprecedented access to a complete section of a 
hydrothermal system underlying massive sulfide deposits, which allowed for the first 
time the construction of a locally accurate model involving realistic stratigraphy, 
fault geometry and fault distribution. The unique preservation of the Panorama 
district enables a direct comparison of modeling results with field observations and 
helps to simulate the main features of the hydrothermal system, such as alteration 
zonation, temperature distribution and discharge temperatures. Results also allow the 
establishment of minimum fluid and rock property requirements for the formation of 
confirmed, and potential, ore bodies and assess the potential of the hydrothermal 
system to host significant (> 5 Mt) massive sulfide deposit. 
Abstract 
Results from both models suggest that the most important factors and processes 
controlling heat and fluid transport in submarine volcanic settings are fault and rock 
permeability, basement topography, and the nature of the heat source. Discharge 
temperatures are primarily controlled by rock permeability and range between 150QC 
and about 400QC. Discharge fluid velocities depend mostly on fault permeability 
variations and range between - 1x10-8 m/s and 4x10-6 m/s for individual fault 
structures, which equates to values of about 3 m/s for a typical chimney orifice. Both, 
predicted discharge temperatures and fluid discharge velocities, compare well with 
seafloor observations and theoretical calculations and do not require a thermal 
cracking front and associated permeability constraints. 
The control on recharge-discharge patterns depends on the nature of the heat 
source and model geometry, but is generally determined by fault spacing (Panorama 
model) and their placement relative to the heat source (Lau basin model), and not by 
the size of developing convection cells. Significant deep-seated fluid migration is 
predicted to occur at the sheeted dike - gabbro interface due to inferred permeability 
differences and basement topography. The life span of ancient and modern seafloor 
hydrothermal systems producing fluid discharge temperatures greater than 150QC for 
individual faults is predicted to range between about 2,000 years at high 
permeabilities and greater than 200,000 years as permeabilities decrease. 
Heuristic mass calculations based on modeling results indicate that 
hydrothermal fluids with a 10 ppm base metal content and low deposition efficiency 
(10 percent) can form significant seafloor massive sulfide deposits(> 0.5 Mt of 10% 
Cu+Zn) within a time frame of about 6,000 years. World-class or giant massive 
sulfide deposits (> 4 Mt of Cu+Zn) require a convection system, which runs for 
about 40,000 years or hydrothermal fluids with a much higher deposition efficiency 
and/or higher base metal content. The spacing, distribution, and potential size of base 
metal deposits is predicted to depend primarily on the shape/extent of the heat source 
as well as the spacing and position of fault structures relative to the heat source. 
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Notations 
Symbols for main variables are used consistent throughout the text and are listed 
below: 
A Area [m2] 
Cf Heat capacity of the fluid [J/m3/ QK] 
Ce Heat capacity of the porous medium [J/m3/ QK] 
d Diameter [cm] 
g Gravitational force [m/s2] 
h Equivalent freshwater head [m] 
J Mass flux [kg/m2/s] 
k Permeability [m2] 
K Hydraulic conductivity [m/s] 
K Hydraulic conductivity tensor [m/s] 
K f Thermal conductivity of the porous fluid [W/m2/ QK] 
Km Thermal conductivity of the porous medium [W/m2/ QK] 
K r Thermal conductivity of the solid rock [W/m2PK] 
Length [m] 
m Mass [tonnes] 
p Pressure [Pa] 
q Darcy flux [m/s] 
q Specific discharge vector [m/s] 
Q Heat flux [W] 
t Time [s] 
T Temperature [QC] 
To Temperature of seawater [QC] 
p'iii 
Notations 
v Fluid velocity [m/s] 
V Volume [m3] 
x Deposition efficiency [%] 
Z Elevation head [m] 
A Thermal conductivity [W/m/QK] 
Il Dynamic fluid viscosity [kg/m/s] 
Ilr Relative viscosity of the fluid [kg/m/s] 
Ilo Standard viscosity at 25QC [kg/m/s] 
Ilw Viscosity of water [kg/m/s] 
P Density [kg/m3] 
Po Freshwater density [1,000 kg/m3] 
Pe Relative density of the porous medium [kg/m3] 
Pf Density of the fluid [kg/m3 ] 
Pw Density of water [kg/m3] 
Pr Relative density of the fluid [kg/m3] 
~  Porosity [%] 
V' Space derivatives for more than one dimension [x, y, z] 
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Introduction
 
Volcanic-hosted massive sulfide deposits (VHMS) represent a major source of the 
worlds copper and zinc and, to a lesser extent, lead, silver, gold, and by-products 
such as As and Sb in selected deposits. In terms of economic importance in the 1950 
and 1960's, they ranked second only to porphyry copper deposits among non-ferrous 
metallic mineral deposits (Ohmoto, 1996). VHMS deposits occur in both ancient 
land-based and modem seafloor settings in a variety of geotectonic environments, 
and the understanding of these deposits requires the study of active and fossil 
hydrothermal systems. While fossil hydrothermal systems provide information of the 
time-integrated products of hydrothermal activity, such as alteration, ore mineralogy, 
metal zonation, and deposit structure, actively forming deposits on the modem-day 
seafloor offer an instantaneous view of the system behaviour, i.e. fluid flow velocity, 
temperature, and composition of mineralising fluids (Lowell, 1991). Although many 
aspects of these hydrothermal systems are fairly well researched, there are certain 
aspects of the formation of VHMS deposits, which are not clearly understood. These 
include the structure of the subsurface and deeper parts of the system, the migration 
of hydrothermal fluids within these regions, processes at the magmatic-hydrothermal 
interface, and the role magmatic fluids play in the formation of VHMS deposits. 
Most of these aspects are controlled by heat and fluid flow, which are fundamental 
processes in the formation of all hydrothermal ore deposits, including VHMS 
deposits. The application of computer models simulating heat and fluid flow can 
provide important insights into the way these systems operate, and allow the 
investigation of aspects of these systems, which are poorly understood, i.e. the heat 
source. Results will help to determine the factors, which control the evolution of 
hydrothermal systems and the formation and distribution of economic ore deposits. 
1.1. BACKGROUND AND SIGNIFICANCE 
SO far there has been no opportunity to study the complete picture of a hydrothermal 
system from the heat source through to the alteration pipe and to the actual ore body. 
,{ 
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This is mainly due to metamorphism, limited exposure and access to undisturbed 
geology and geometry of such systems (Lydon, 1988). 
In order to understand the processes that control the formation and 
development of volcanic-hosted massive sulfide deposits, numerical modeling is an 
essential tool to obtain information on the interaction of multiple processes within 
these systems such as heat flow, fluid flow, and chemical reactions. Since these 
processes are either not observable or proceed very slowly, computer simulations 
allow the investigation of a hydrothermal system at different stages and under 
changing conditions. Here, heat and fluid flow simulations are undertaken to improve 
our understanding about fluid migration pathways, heat distribution and the evolution 
of hydrothermal systems in volcanic rocks. Simulation results can be compared 
directly with field observations (i.e. detailed alteration zonation mapping) and this in 
turn will lead to a better understanding of how hydrothermal systems work and what 
are necessary and/or contributing conditions to form an economic massive sulfide 
deposit in volcanic environments. 
The discovery of an excellent preserved cross section of a hydrothermal 
system in Western Australia makes it possible to research a complete hydrothermal 
convection system from its heat source to the mineral deposit. The Panorama district 
will enable for the first time the construction of an accurate numerical model on a 
local scale, constrained for the most part by field data, well-documented stratigraphy, 
and the extent and nature of the heat source. Work by Vearncombe et aL (1995), 
Brauhart et aL (1998), Van Kranendonk (1998), and Brauhart (1999) provide a 
unique basis to study a VHMS hydrothermal system, compare simulation results with 
field data and determine the most favourable conditions for the formation of 
economic ore bodies. 
To relate simulation results of the ancient Panorama district to modem day 
seafloor hydrothermal systems and compare the two settings, a second numerical 
model will be developed here, which will investigate a currently active seafloor 
hydrothermal system. The Lau basin hydrothermal system has been chosen for this 
task, because it has been studied in considerable detail (Collier and Sinha, 1992; 
Fouquet et aL, 1993; Parson et aL, 1994; Kamenetsky et aL, 1997; Herzig et aL, 
1998; Turner et aL, 1999) and provides vital information on the structure, 
topography, geology and tectonics of the basin as well as the nature and location of 
discharging hydrothermal fluids. These data will allow the analysis of a modem 
:,/' 
2 
Chaoter 1 Introduction 
hydrothermal system on a regional scale and determine to what degree certain 
aspects control the evolution of hydrothermal fluid flow and the formation of 
massive sulfide ore bodies on the modem seafloor. 
1.2. PAST MODELING STUDIES 
Computer simulations of heat and fluid flow are recognised as an essential tool to 
gain insight into the formation of mineral deposits in space and time and factors that 
control alteration type and intensity, the composition of the ore fluids and mineral 
deposition. Numerical computer models have been applied to very specific types of 
deposits (i.e. fault-controlled tin deposit - Jiang et aI., 1997; basin-bound MVT 
deposits - Appold and Garven, 2000) or to general settings such as hydrothermal 
fluid circulation in fractured earth structures (Yang et aI., 1998). Numerous studies 
have investigated hydrothermal convection in the oceanic crust (e.g. Williams et aI., 
1986; Fisher et aI., 1994; Davis et aI., 1996; Yang et aI., 1996a), on mid-ocean 
spreading centres (e.g. Fehn and Cathles, 1979; Fisher and Narasimhan, 1991; 
Cathles, 1993; Yang et aI., 1996a,b), near-surface geothermal systems (Cathles et aI., 
1997), sedimentary basins (e.g. Garven and Freeze, 1984; Appold and Garven, 1999; 
Appold and Garven, 2000) or hydrothermal systems in general (e.g. Fehn and 
Cathles, 1979; Cathles, 1980; Brikowski and Norton, 1989; Lowell, 1991; Rosenberg 
et aI., 1993; Cathles, 1997). Experimental work has been carried out by Solomon et 
al. (1987) and more recently by Martin and Lowell (1997); they have provided 
further insight into may aspects of heat and fluid flow and resulting hydrothermal 
circulation. Recently, processes of heat and fluid flow modeling have been 
summarised by Cathles (1981), Cathles et al. (1997), and Barrie et al. (1999a). 
Volcanic-hosted massive sulfide deposits have been investigated by the 
experimental work and numerical simulations of Cathles (1983), Lowell (1980), 
Lowell and Rona (1985), Solomon et al. (1987), Lowell and Burnell, (1991), Yang et 
al. (1996b), Cathles et al. (1997) and more recently by Barrie et al. (1999a,b) and 
Yang and Large (2001). However, only a few studies have dealt explicitly with 
numerical simulations of fluid migration of a hydrothermal system connected to 
massive sulfide deposits involving real geological and stratigraphic data (Cathles, 
1983; Barrie, 1999a). These models were simplified to apply to a range of 
environments and were based on numerous assumptions. The numerical models 
:,/­
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developed and tested here contain for the most part a more detailed stratigraphy, 
structure and geometry than previous modeling studies, based mostly on field data. 
They were designed to represent a more realistic approach to simulate heat and fluid 
flow in volcanic environments and will help to better define the nature and extent of 
key factors, which control hydrothermal fluid flow and massive sulfide ore 
formation. 
1.2.1. Primary goals 
The principal goals of this study are: 
1.	 To investigate the evolution of hydrothermal fluid flow and heat distribution of 
hydrothermal systems in volcanogenic tectono-stratigraphic settings hosting 
VHMS ore deposits. 
2.	 To evaluate, using two different modeling scenarios, key physical parameters and 
their influence on fluid migration and the genesis of massive sulfide ore bodies 
with two different numerical models. 
3.	 To construct the Lau basin model to study a modem seafloor hydrothermal 
system and investigate regional process of hydrothermal fluid flow, heat 
distribution and fluid discharge in present-day submarine environments. 
4.	 To test a geologically well constrained scenario (Panorama model), compare 
simulation results with field observations, and contribute to the refmement of the 
current Panorama VHMS genetic model. 
5.	 To constrain minimum system requirements such as discharge duration, metal 
content of hydrothermal fluids, and deposition efficiency, for the formation of 
economic massive sulfide ore bodies. 
6.	 To improve our knowledge about hydrothermal fluid migration, the location of 
major fluid discharge centres, and the timing and distribution of VHMS ore 
bodies, that will be useful in mineral exploration. 
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1.2.2. Secondary goals 
Additionally, a 'general model' for the formation of VHMS deposits in volcanic 
terrains will be suggested as a function of key parameters. This model will include 
critical factors considered vital for the formation of an economic ore deposit and 
their sphere of influence. Results from this study will hopefully demonstrate that the 
application of numerical heat and fluid flow modeling is capable of reproducing 
major aspects of a seafloor hydrothermal system, provide new insight into their 
evolution and help in future exploration efforts. It may be possible - when related 
geological information are available - to predict if and where massive sulfide ore 
bodies are most likely to form, infer minimum heat and fluid conditions and estimate 
the size ofprospective ore deposits. 
1.3. ORGANISATION OF THESIS 
1.3.1 Chapters 
The thesis is structured into three main parts. Part 1 gives a general introduction into 
the process of numerical modeling, Part 2 investigates heat and fluid flow 
simulations in two different geological settings and part 3 presents the major findings 
of this study and an integrated model of VHMS formation as a function of 
geotectonic setting. 
Part 1 begins with an introduction to the thesis in chapter 1. Chapter 2 provides 
background information about the basic concepts of heat and fluid transport and 
numerical modeling methods. The importance and influence ofmajor rock properties 
is discussed and an overview of existing modeling software is provided. Chapter 3 
reviews the main hydrogeological models of hydrothermal systems and examines the 
development of numerical modeling with regard to volcanic-hosted massive sulfide 
deposits. 
Part 2 starts with chapter 4, simulating heat and fluid flow in a modem seafloor 
hydrothermal system (Lau basin). An extensive sensitivity analysis examines the 
influence of model geometry and rock/fault properties on fluid migration and 
hydrothermal fluid discharge. Based on detailed field data, fluid flow and resulting 
! 
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fluid discharge are investigated for a range of conditions in the Archean Panorama 
massive sulfide district in chapter 5. Results are compared directly with field 
observations and the formation of known and potential ore bodies is assessed with 
regard to minimum requirements for the ore-forming fluids. 
In part 3, chapter 6 presents a summary of the known environments and types of 
VHMS deposits as well as some of their key features. This provides the basis for 
chapter 7, which compares established relationships between geotectonic 
environment, host rocks, and massive sulfide deposits utilising the main findings of 
this study in the context of their influence on the mineralogy, size, distribution, and 
location ofVHMS ore bodies. 
1.3.2. Organisation of figures, tables, and appendices 
A detailed listing of all chapters, figures and tables is provided in the table of 
contents and list of tables and figures on pages iv to xv. Tables and figures are 
numbered sequentially in the order in which they appear and presented within the 
text or immediately after the first page on which they are mentioned. Appendices are 
listed in the order in which they are cited in the text. 
1.3.3. Terminology and notations 
Most of the terminology used here complies with that used in the international 
scientific literature. Abbreviations are explained when they are introduced and a list 
of symbols used in the thesis is provided on pages xviii and xix. 
The term modeling is used here primarily to refer to the actual process of 
numerical mode1ing, while the term simulation is used to refer to results from the 
numerical modeling process. Likewise, the term model section is used here to refer 
specifically to the two-dimensional cross-section of the numerical model, while the 
term (numerical) model is used when referring to the numerical model in general to 
avoid confusion. 
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Two of the most important processes occurring in hydrothermal systems are heat 
transfer and fluid transport, which determine how these systems operate and how 
alteration zones and associated ore bodies form. Heat and fluid flow are fundamental 
processes in the formation of all types of hydrothermal ore deposits, including 
VHMS deposits. Numerical models can be helpful tools to quantify physical and 
chemical processes that occur in hydrothermal systems and help to understand the 
role and importance of key parameters that control these systems. Numerical 
simulations enable the study of features that are either inaccessible and processes that 
are too slow to be observed in the field. Computer simulations allow us to test a 
range of geological scenarios, which can yield valuable information about the 
parameters that control various processes, which lead to the formation of a mineral 
deposit. Together with field data and laboratory measurements it is possible to 
reconstruct, and gain more insight into, the evolution of hydrothermal systems and 
the genesis of volcanic-hosted massive sulfide deposits. This chapter provides a 
summary of the basic concepts of heat and fluid transport, discusses the main 
parameters controlling these processes and introduces the most common numerical 
modeling methods. 
2.1. GOVERNING EQUATIONS 
Numerical computation of hydrothermal fluid flow involves the solution ofpertinent 
coupled time-dependent mass (fluid) and energy (heat) conservation differential 
equations, which are subject to certain initial and boundary conditions (e.g. Fehn and 
Cathles, 1979; Fisher et aI., 1990; Lowell et aI., 1995; Yang et aI., 1998). 
2.1.1. Darcy's law 
The governing equations to describe hydrothermal fluid transport in a porous 
medium can be derived from coupling heat and fluid properties with Darcy's law, as 
shown by Raffensperger and Garven, (1995): 
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dh q =_K (2.1)
dl 
where K is the hydraulic conductivity, h is the hydraulic head and dh/dl is the 
hydraulic gradient. Hydraulic head can be defmed as the sum of the pressure head 
and the elevation head: 
h=L+z (2.2) 
pg 
where the first term is the pressure head, consisting of pressure p and dynamic fluid 
density P plus gravitational force g, and Z is the elevation head. Hydraulic 
conductivity is related to the intrinsic rock permeability (k) and fluid density and 
viscosity: 
K= kpfg (2.3) 
f-l 
where f-l is the fluid dynamic viscosity and PI is the density of the fluid. Combining 
(2.2) and (2.3), Darcy's law in three dimensions may be written as: 
q= -~(Vp+PfgVZ) (2.4) 
f-l 
where q is the Darcy flux or specific discharge vector, and k the intrinsic 
permeability of the medium 
kxx kxy kxzl
r 
k= kyx kyy kyz 
kzx kzy k zz 
defined in the x, y, and z direction (length, height, width); V is the notion for space 
derivatives in more than one dimension. For variable-density fluids, it is desirable to 
express an equation ofmotion using equivalent freshwater head rather than pressure: 
/, 
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11 = Porr -- (2.5) 
P 
Pr = (p-Po) (2.6) 
Po 
where Po and Po are a chosen reference viscosity and density and Pr and Pr are 
the relative viscosity and density of the fluid respectively. The equivalent freshwater 
head may be expressed as: 
h = -.l!...-+ z (2.7) 
Pog 
The hydraulic conductivity tensor K may then be defined as: 
kPog
K= (2.8) 
Po 
and Darcy's law may then be restated as shown by Raffensperger and Garven (1995): 
q = -KPr (Vh + PrVZ) (2.9) 
2.1.2. Fluid mass conservation 
For variable-density flow in a non-deformable porous medium, conservation of fluid 
mass may be given as the excess of inflow over outflow during the time interval 
8t through the surface of a fixed control volume as shown by Raffensberger and 
Garven (1995): 
8J 8J 8J JNet mass outflow= - _x+ -y+ _z &8y&8t (2.10)( 8x ay 8z 
:,l 
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where vector J with components Jx, Jy, and Jz denote the mass flux - defmed as the 
mass per unit time per unit area - of a fluid of density p. True to the mass 
conservation principle, this must equal the change in mass within the control volume 
during time interval 8t , given by: 
Time rate of change of fluid mass = [a(t/JP~I5y(jz  )}·t (2.11) 
Combining (2.10) and (2.11) and assuming no internal fluid sources or sinks gives: 
v .J + at/Jp =0 (2.12)
at 
where t/J denotes porosity. Mass flux may be then expressed as J = P q and the final 
conservation equation becomes (Bear, 1972; De Marsily, 1986): 
_ V .(p q) = at/Jp (2.13)
at 
where q is the specific discharge vector. 
2.1.3. Energy conservation 
Assuming thermal equilibrium between the fluid and solid, heat flow or energy 
conservation is described by: 
aT 
V(AVT) - V(PfcfqT) = PeCeat (2.14) 
where A is the thermal conductivity, Pf and Cf define the fluid density and heat 
capacity, Pe and Ce are the effective density and heat capacity for the porous 
medium (fluid plus solid), and T is temperature (De Marsily, 1986). The basic 
principle of energy conservation states that changes in the heat stored in the rock 
equals the heat advected by the fluid and the heat conducted by the rock. This 
! 10 
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assumes a non-deformable porous medium, a local water-rock thermal equilibrium 
and generally neglects heat transfer by radiation. Detailed derivation of these 
expressions is not provided here, but can be found in standard textbooks such as Bear 
(1972). 
2.1.4. Equations of state 
Density and viscosity of the migrating fluid are also important to describe fluid 
circulation in hydrothermal systems as they may change due to salinity or 
temperature gradients. This is done by defining viscosity and density as a function of 
temperature and pressure based on the NIST/ASME reference database (Klein and 
Harvey, 1996): 
Pw = p(T,P) (2.15) 
f-lw = f-l(T, P) (2.16) 
where Pw and f-lw are the density and viscosity ofwater respectively. 
2.2. PERMEABILITY 
The key factors in numerical simulations, which determine vigour, and patterns of 
thermal fluid migration (convection) are permeability, thermal conductivity, and 
porosity of relevant rock units and associated structures, as well as the viscosity and 
density of the migrating fluids. Since the formation of VHMS deposits is often 
related to the intrusion of some type of magmatic body, intrusion size and depth will 
also influence the size and shape ofdeveloping convection cells. 
Permeability is the most critical variable governing fluid flow in any system. 
Barrie et al. (1999a) for example showed in his simulations of the Kidd Creek 
massive sulfide deposit that a higher permeability substrate leads to high venting 
rates with low venting temperatures, while low values prevent hydrothermal 
2circulation. He suggested an "optimal permeability window" (lxlO-16 m - 5xlO-16 
m2) for long-lived, voluminous high-temperature venting to form a massive sulfide 
deposit, such as the giant Kidd Creek deposit. Rosenberg et al. (1993) showed that 
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different permeability values lead to different convective heat transfer patterns 
(convection cells) and associated aspect ratios, defined as width over height. Faults, 
fractures, dikes, and sills in individual rock units can therefore be crucial in 
controlling fluid flow, since they usually enhance permeability considerably. 
Permeability is also one of the most difficult parameters to define, due to a number 
of problems such as heterogeneity, anisotropy, and compositional differences of 
individual rock units, as well as the difference in permeability values recorded for 
different measuring methods. Measurements of in-situ permeability values in 
crystalline rocks range over four orders of magnitude (Rosenberg et aI., 1993). Brace 
(1980, 1984) and Clauser (1991) compared permeability values from laboratory to 
in-situ to field measurements and pointed out the "scale effect" where with 
increasing experimental and measuring scale, permeability values increase. This 
effect and its implications are discussed in more detail in chapter 4. For this study, 
available permeability data in the literature for relevant rock units have been 
assembled and averaged; other permeability values were estimated because published 
data do not exist. 
2.3. THERMAL CONDUCTIVITY AND POROSITY
 
Thermal conductivity and porosity can also influence heat and fluid transfer
 
especially when permeabilities are low and heat flow occurs mainly by conduction.
 
Km denotes thermal conductivity of the medium and is directly related to porosity:
 
K = K(i-~)K~  (2.17)
m r f 
where t/J is porosity and the subscripts rand f denote rock and fluid thermal 
conductivity, respectively (Ingebritsen and Sanford, 1998). Both variables can 
therefore have a direct influence on the heat flux at low rock permeabilities. 
2.4. NUMERICAL MODELING METHODS 
The two most commonly used techniques in numerical modeling to solve mass and 
energy conservation equations are the finite element method (FE) and the finite 
~\  
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difference method (FD). Both methods have found application in ore deposit 
research, especially related to sedimentary basins (e.g. Garven and Freeze, 1984; 
Garven et aL, 1993). They require the digitization of the flow region into a finite 
mesh or grid. This grid contains a fmite number of elements or cells and intersection 
points called grid points or nodal points (fig. 2.1). Each element is defined in terms 
of fluid properties (density, viscosity) and rock properties (permeability, porosity, 
compressibility, thermal conductivity). Analytical solutions often pertain to only very 
specialised cases such as an idealised geometry, homogeneous media and minor 
variations in fluid properties (Ingebritsen and Sandford, 1998). In order to investigate 
more detailed problems, numerical methods are used to solve the mathematical 
problem. 
The term 'finite difference' method comes from the fact that all spatial and 
temporal derivatives are approximated using only grid point values, which makes the 
fmite difference method simple (Book and Boris, 1981). Compared to analytical 
solutions, where values for model parameters are calculated at any point in the 
domain, numerical solutions compute values for a predetermined finite number of 
points, like the values for hydraulic head at each grid point, which number is fixed by 
the grid itself (Wang and Anderson, 1982). This allows the partial differential 
equations to be rewritten in terms of corresponding difference terms, and describe the 
relationship between a grid point and its nearest neighbour. The resulting set of 
algebraic equations is easier to solve than partial differential equations. A set of 
equations with the same number of unknowns is established, which can then be 
solved by proper solvers. 
The fmite element method is applied by dividing the flow region into a 
number of elements of various shapes. Unlike the finite difference method, the finite 
element method can be used with either triangular or quadrilateral elements, which is 
especially useful when dealing with complex structures such as uneven surface 
topography. Solutions throughout the whole flow region are obtained by calculating 
values over all elements individually. The use of interpolation functions enables the 
definition ofvariables throughout the whole domain. 
:,/' 
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Figure 2.1 Illustration showing the main components of a nwnerical mesh. A - Many previous 
models featured a simple stratigraphy, structure and fault geometry. B - Increasing computer power 
and improved modeling software enable the construction of numerical models with increasingly more 
complex geometries and fault structures, which represents a more realistic approach to simulate 
conditions in nature (based on Yang and Large, 2001). 
This is a very important factor that distinguishes the finite different method from the 
finite different element method, where variables are computed only at the nodal point 
(Wang and Anderson, 1982). Both methods are applied to solve various problems, 
the choice of the method depending primarily on the complexity of the problem and 
required resolution and precision. The obvious advantage of the finite element 
technique is the flexibility of the method to deal with complex systems, where the 
flow region is not homogenous and isotropic. The finite difference method is 
comparably simple and easy to understand. Both methods are essentially equivalent 
in terms of accuracy; the choice depends on the specifics of the problem under 
consideration (Frind, 1993). The finite element technique in conjunction with the 
14 
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Galerkin method is widely used in groundwater modeling (Huyakorn and Pinder, 
1986) and hydrothermal fluid circulation studies (e.g. Yang et aL, 1998) and will be 
applied here. The Galerkin method is based on a weighted residual principle, which 
minimises a physical quantity over the problem domain. The weighted residual 
principle is expressed directly in terms of the governing partial differential equations, 
and can be described as a measure ofhow a specific value (e.g. head) does not satisfy 
the governing equations (Wang and Anderson, 1982). The best approximation (i.e. 
the smallest residuals) over the whole domain will then be calculated and represents 
the best solution for the specified system. 
An important feature of the modeling process is the selection of boundary conditions 
and initial conditions. Initial conditions are values of the dependent variables 
throughout the domain at the starting point while boundary conditions define 
variables at the boundaries of the flow region (Ingebritsen and Sanford, 1998). Since 
this study features 2-D models, there are 4 boundaries (left side, right side, bottom, 
top) that need to be specified in terms of their heat and fluid flow characteristics. 
Heat is introduced by a magmatic intrusions or basement heat flow (e.g. geothermal 
gradient) and hydrothermal convection patterns evolve. Boundaries can be set-up to 
allow either heat or fluid flow or no mass and energy exchange across the boundary 
as in the case of an impermeable barrier. Usually, fluid flow is allowed to migrate 
through the top boundary (e.g. seafloor) and heat is applied either from below 
(magma chamber) or the side (rift) to simulate a variety of conditions. Once the 
model is defmed with initial and boundary conditions, changes in critical modeling 
parameters such as rock properties or geometry during the calculations are used to 
investigate the behaviour of the evolving hydrothermal system. The careful selection 
of appropriate boundary conditions is crucial to the success of numerical 
computations. The assumptions and selections regarding initial and boundary 
conditions for the numerical models developed here will be discussed in chapter 4 
and 5 respectively. 
l 
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2.5. VOLCANIC ROCK PROPERTIES 
The processes of emplacement and cooling of volcanic rocks usually leads to the 
development of favourable hydrological conditions. Rapid cooling and degassing on 
the surface produces rocks with usually well developed vesicular texture and closely 
spaced cooling joints indicating a high overall permeability (De Wiest, 1969) which 
enables volcanic rocks to be very effective aquifers facilitating significant fluid 
movement (e.g. Columbia plateau; Fetter, 1980). Table 2.1 lists rock properties most 
relevant for hydrological modeling for the range of rocks used in this study. It 
highlights the range and significant hydrological differences between individual rock 
units and gives an indication of which rock types are most likely to facilitate 
significant fluid migration. 
Although the permeability distribution within volcanic rock units and among 
different volcanic rock types (i.e. felsic volcanics vs. mafic volcanics) in general is 
poorly understood and physical rock data especially for felsic volcanic rocks are 
often lacking, it is assumed that mafic volcanic rocks possess a high lateral 
permeability. Mafic rocks on the modem seafloor consist mostly of basaltic lava 
flows manifested predominantly as pillows. Since pillow lavas are in fact cross­
sections of interconnected tubes and lobes oflava (Cas, 1992; McPhie et aI., 1993), it 
is reasonable to assume that the majority of mafic rocks possess a significant lateral 
permeability, which enables major fluid flow within these units. This is supported for 
example by the structures of the highly vesicular lavas described from the Lau back­
arc basin, which facilitate extensive circulation of seawater and hydrothermal fluids 
(Fouquet et aI., 1991a). Felsic rocks on the other hand are composed of a variety of 
different rock types and facies and may include massive rock units as well as a 
variety of volcaniclastics rocks (Cas, 1992). While massive units may display 
internal structures similar to those ofmafic volcanics, they are less lateral extensive. 
The diversity and structural differences inherent in the range of felsic rock 
types suggests that volcanoclastic successions will posses at least initially very high 
permeability and porosity (Large et aI., 2001). However, this initial high permeability 
is likely to be uniformly distributed and more susceptible to rapid reduction, 
suggesting that in general felsic volcanic rock are hydraulically less permeable than 
their mafic counterparts. A more detailed description of these features is provided in 
chapter 6.4. 
, 
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Table 2.1	 Hydrological rock properties for rock units used in this study. Bold numbers denote 
average values estimated from published data. 
Rock type Porosity Permeability Thermal conductivity Selected references 
(%) (m2) (W/m*C) 
seafloor sediments 31-88, 1.9x10·1• - 6xlO·s , 0.6-1.6, Morin and Silva (1984) 
30 5x10·IS 1.5 Katsube et al. (1991) 
Katsube and Conrnell (1998) 
rhyolite 2-45, 5.5x10·12 - 5xlO-4, 1.2-3.7, Grindley (1970) 
12 2.5xlO·16 2.5 Murase and McBimey (1970) 
Hunt and Kissling (1994) 
dacite 0.08-39.5, n.a., n.a., Norton and Knapp (1977) 
13 2.5x10·16 1.5 Russell and Stasiuk (1997) 
Rust et al. (1999) 
andesite 1-24, n.a., 0.8-3.2, MacDonald and Muffler (1972) 
8 2x10·15 2 Lyubimova et al. (1981) 
Horai and Susaki (1989) 
basalt 0.1-51, 5.5xI0· s - 8.5xI0··, 0.8-3, Oxburgh and Agrell (1982) 
12 2x10·15 1.5 Pezard (1990) 
Fisher (1998) 
diorite n.a., 8xI0·" - 4.5x10· , 1.6-3.2, Kawada (1964) 
0.1 lx10·IS 2.5 Morrow and Byerlee (1988)
 
granite 0.Q7-6.4, 5.5x10· s _ 3xlO-4, 1.1-5.9, Clarke (1966)
 
0.1 lx10·IS 2.5	 Norton and Knapp (1977) 
Morrow and Byerlee (1992)
 
gabbro 0.5-5.6, 6x10-1s - 4.5xI0-7, 1.3-3.4, Hyndrnan and Drury (1976)
 
2.2 4.5xI0·19 2.5	 Goldberg et al. (1991) 
Goldberg et al. (1992)
 
sheeted dike 1.2-4, 1.5x10-1• - 2.6xlO-Io, 1.8-2.3, Becker et al. 1985
 
complex 2.3 1.6x10·17 2.0 Salisbury et al. 1985
 
(basalt+diabase) Becker et al. 1989
 
magma chamber 0.1 hIO·IS 2.0 guess
 
(Laumodel)
 
n.a. not available 
Note: Values used for numerical simulations may differ from data listed above, since measured rock property data in the field or 
laboratories don't necessarily reflect realistic conditions. Some data have been adjusted for calculations; these changes have 
little influence on heat or fluid flow. 
The variation of rock permeability as a function of depth in the oceanic crust has 
been investigated by Anderson et al. (1985), Becker (1985), Becker et al. (1985), 
Becker (1990), Wilkens et al. (1991), Gillis and Sapp (1997), Fisher (1998) and 
others and all results show a general decrease in both permeability and porosity as a 
function of depth (fig. 2.2). This overall reduction can be attributed to lithological 
changes and increasing lithostratigraphic pressure and temperature with depth, 
causing the closure of fractures and the reduction of pore space. However, as noted 
by Becker et al. (1994), zones of exceptional hydraulic conductivity may exist at 
depth, which would allow significant fluid flux and indicate, that discrete faults, 
fractures, or other irregular zones of high permeability may influence or control fluid 
circulation patterns at depth in active hydrothermal systems. In nature, initial rock 
properties will be influenced by post-volcanic processes such as diagenesis, 
hydrothermal alteration, metamorphism, and deformation (McPhie, 1993). 
-----------
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Figure 2.2 Comparison of (A) penneability measured in the upper part of Hole 801C with 
results from younger oceanic crust plotted against depth below the basement (after Larson et aI., 
1993). Apparent bulk: porosity is shown in graph B (stippled line) and bulk: penneability (vertical bars) 
for Hole 504B after Becker et al. (1985). Both penneability and porosity show a clear decrease as a 
function of depth. Sudden changes in both penneability and porosity can be attributed to changes in 
the seafloor rock lithology, as seen on the boundaries oflayer 2B. 
Diagenesis of volcanic rocks and sediments has been found to lead to the formation 
of secondary minerals such as zeolite and clay minerals (Brey and Schmincke, 1980; 
Tsolis-Katagas and Katagas, 1989; Udata, 1991), as well as minor K-feldspar and 
smectite (Hay and Guldman, 1987; Passaglia et aI., 1995). Bargar et al. (1979) 
reported the precipitation of secondary minerals in Archean pillows in open spaces 
rather than as secondary replacements of primary minerals. The existence of vesicles 
and dissolution of volcanic glass in volcanic-sedimentary rocks initially leads to high 
porosities and permeabilities (Viereck et aI., 1982). This process however is then 
reversed due to diagenetic minerals filling pore spaces and imposing barriers on the 
rock permeability (Tsolis-Katagas and Katagas, 1989; Torres et aI., 1995). Although 
t 
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porosity and thermal conductivity are less important compared to rock permeability 
they can play an important role especially when heat flow occurs by conduction or 
when permeabilities are generally low. Changes in volcanic rock mineralogy and 
textures by other processes such as hydrothermal alteration, deformation or 
metamorphism generally decrease rock permeability due a reduction of pore space 
and existing fractures by the precipitation of various minerals such as quartz, or the 
closure of fractures by tectonic movement. Besides volcanic rocks, which are for the 
most part felsic to mafic lavas, volcaniclastics, and some altered volcanic­
sedimentary breccias, other rocks considered here are plutonic rocks such as granite, 
which for the most part have significantly lower permeabilities (see table 2.1). 
2.6. SOFTWARE 
As with all areas that utilise computer simulations, software development is an 
important factor that improves computer models, refines results and enables the 
incorporation of increasingly more complex details, which will lead to a better 
understanding of the processes and evolution of hydrothermal systems. Table 2.2 
lists a selection of numerical modeling codes and studies related to hydrothermal 
systems and ore body formation. All models of hydrothermal systems involving fluid 
flow and ore deposition are based on differential equations (e.g. conservation ofmass 
and momentum, equation of state) which are solved simultaneously using the finite 
difference or finite element method to yield steady state or transient solutions 
describing heat and fluid transport within variable solution domains. 
Early models described simple scenarios such as rectangular geometry and 
isotropic permeability distribution, which involved the conservation of pure water 
mass to simplify solutions and reveal fundamental features (Cathles, 1977). Norton 
and Knight (1977) and Cathles (1977) first introduced mathematical modeling of 
fluid flow to explain the formation of ore bodies. They modeled the circulation of 
hydrothermal fluids caused by the intrusion of a granite into the earth's crust. By 
using numerical modeling techniques they highlighted the importance of the thermal 
history of a pluton on the evolution of a hydrothermal system and the formation of 
associated ore bodies. 
/ 
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Table 2.2 List of selected software packages used for 2-D numerical modeling of 
hydrothermal systems/ore deposit formation in general (a) and volcanic-hosted 
massive sulfide deposits (b) 
Name AuthorslUsers Application Remark 
a 
OREGEN Garven and Freeze stratabound Pb-Zn uncoupled modeling ofheat and 
and (1 984a,b) ore deposits, MVT. fluid transport with geochemical 
EQ3/6 equilibrium and reaction paths; 
[mite element method 
GEOTHER Ingebritsen and Sorey continental [mite difference method 
(modified) (1988) hydrothermal 
systems 
MARIAH Brikowski and Norton MOR hydrothermal [mite element method 
(modified) (1989) system 
PT Fisher et al. (1990) seafloor integrated [mite difference 
hydrothermal method 
convection 
FEASPS Ge and Garven (1992, tectonically driven coupled deformation and flow, 
1994) brine migration thrust faulting modeled with slip-
elements 
JHU2D/JHU Garven (1995) stratabound ore [mite element method 
3D Garven et al. (1999) deposits (MVT) 
RST2D/ Raffensperger and unconfomity type buoyancy-driven flow, 
CPFLOW Garven (1995) uranium deposits intracratonic basins, [mite 
element method 
ND Rabinowicz et al. Juan de Fuca Ridge [mite difference method 
(1998) convection 
RST2D/ Appold and Garven MVT and Irish Pb- topography-driven, variable 
CPFLOW (1999) Zn deposits density fluid flow; [mite element 
method 
b 
Cathles (1977) hydrothermal [mite difference method 
ND system ofa cooling 
pluton 
Cathles (1983) Hokuroku basin 
Akcess.basin Cathles et al. (1997) generic massive [mite element method 
sulfide deposit 
Akcess.basin Barrie et al. (1999a) generic VHMS [mite element method 
model (shallow 
mafic sill) 
Akcess.basin Barrie et al. (1999b) Kidd Creek deposit [mite element method 
this study Yang et al. (1996) TAG seamount [mite element method 
this study Yang and Large (2001) TAG seamount [mite element method 
ND - Not described 
With the advance of computing power and the development of existing software, 
numerical-hydrological models became more sophisticated by including variable 
geometry, anisotropic hydraulic conductivity, and the coupling of heat and fluid 
transport with geochemical equilibrium and reaction paths (e.g. Garven and Freeze, 
1984). The focus of software development and numerical modeling of hydrothermal 
systems and ore deposit formation diversified broadly into modeling topographically 
driven density fluid flow in continental basins and ore formation (Ge and Garven, 
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1992; Garven, 1995; Raffensperger and Garven, 1995; Appold and Garven, 1999), 
mid-ocean ridge hydrothermal systems (e.g. Brikowski and Norton, 1989; Fisher et 
aI., 1990; Lowell, 1991; Lowell and Burnell, 1991; Yang et al., 1996a; Rabinowicz et 
aI., 1998) and massive sulfide deposit simulations (e.g. Cathles, 1983; Yang et aI., 
1996b; Cathles et aI., 1997; Barrie et aI., 1999a; Barrie et aI., 1999b; Yang and 
Large, 2001). The software used for the study of these models were mostly pre-
existing modeling packages adapted to match special requirements (e.g. OLIGEN, 
Akcess.basin - see table 2.2) or computer codes developed by individuals to suit 
their projects (e.g. RST2D by Appold and Garven, 1999; Cathles models; Yang et 
aI., 1998; Yang and Large, 2001). 
Nearly all numerical models include a number of simplifications relating to 
the geometry, hydraulic conductivity distribution, and boundary conditions (i.e. 
intruding dyke - Cathles, 1997; horizontal stratigraphy - Davis et aI., 1996). Rock 
permeability (or hydraulic conductivity), the most important variable controlling 
fluid flow and convection in stratigraphic units is often assumed to be distributed 
isotropically. To facilitate fluid flow, some sections of rock units may be assigned 
higher permeabilities, which is not always in agreement with field or laboratory 
measurements, i.e. elevated permeability in low permeability plutonic rocks. Other 
rock units are considered impermeable and consequently no hydrothermal convection 
and fluid migration is developed. The importance of faults and fault distribution 
within individual rock units and their influence on the permeability distribution has 
been well established, and discussed by Cathles (1981) and more recently by Yang et 
al. (1996a), Martin and Lowell (1997), Yang et al. (1998), and Barrie et al. (1999b). 
Previously, the implementation of local changes in permeability due to fractures 
involved a high degree of discretisation for accurate results and consequently a large 
number of unknowns (Yang et aI., 1998). Especially when fault apertures are small, 
computation time increases and numerical errors occur. 
Recently, software has been developed by Yang et al. (1996a) and Yang et al. 
(1998) to model hydrothermal fluid circulation in fractured earth's crust based on 
HEATFLOW (Molson and Frind, 2002). The new finite element algorithm used here 
enables the construction of non-orthogonal quadrilateral meshes and can simulate 
uneven surface topography, discontinuous rock units and free-oriented discrete 
fractures (Yang and Large, 2001; fig. 2.1). This software package as described by 
----------------------------
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Yang and Large (2001) will be used for all heat and fluid flow simulations in this 
study. 
The first step in the numerical modeling process is the construction of a geological-
hydrogeological cross-section that contains all relevant features such as the 
dimensions, stratigraphy, rock properties and fault distribution, based on available 
geological maps supplemented by field observations and other available data. In this 
study the constructed model sections were discretised by a 2-D non-uniform 
quadrilateral grid using ArcView®, which divides the model section into grid 
elements. Each element is defmed by bordering nodal points, which defme its 
position within the solution domain (see figure 2.1). 
Based on the numerical grid, an input computer file is generated that serves 
as the working base for the modeling software. This file defmes each element in 
terms of its location within the grid as well as its physical properties (permeability, 
thermal conductivity, porosity). Other information includes initial fluid properties 
such as density and viscosity, time step intervals, initial and boundary conditions and 
other necessary data. The software is then used to carry out calculations according to 
specifications made in the input file, i.e. cooling of a granite and associated fluid 
convection within a specified time interval to obtain time-dependent intermediate 
solutions. Results from these intermediate solutions are then used to obtain steady or 
quasi-steady state solutions by increasing the time interval. By changing fluid and 
rock property data in the input file, different geological scenarios can be simulated 
such as different permeability values in rock units or changing fault patterns. Initial 
and boundary conditions can also be altered to investigate the influence of differing 
heat sources and boundary effects on the development of heat and fluid flow. The 
software package Tecplot® has been used to visualise and display simulation results 
such as temperature isotherms, fluid flow vectors, and cumulative water-rock ratios, 
which enable the construction of 'animations' showing changes in heat and fluid 
flow as a function of time. A number of selected animations can be found on the CD-
ROM that accompanies the thesis. 
I, 
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This chapter presents a review of previous hydrogeological models of hydrothermal 
systems and numerical modeling studies that simulate hydrothermal fluid flow and 
subsequent ore body formation with emphasis on VHMS deposits. The 
understanding of continental and submarine hydrothermal systems requires an 
integrated approach that includes the study of modem and fossil hydrothermal 
systems. Due to the limitations of active and ancient hydrothermal systems, such as 
inadequate knowledge of subsurface features, mathematical modeling can become a 
powerful tool to study the evolution of hydrothermal systems. Early attempts to 
understand the nature of fluid flow and convection in a homogeneous porous 
medium were made by Lapwood (1948), who determined the conditions for the onset 
of convection in a porous medium heated from below. Later work in this field 
examined transient three-dimensional free convection cases (HoIst and Aziz, 1972), 
aspects of steady state free convection (Wooding, 1957; Wooding, 1963) or the 
structure and stability offmite-amplitude 2-D convection (Strauss, 1974). Donaldson 
(1962) developed numerical solutions that apply to free and forced convection while 
Ribando and Torrance (1976) investigated effects on confinement, permeability and 
boundary conditions on natural convection. Aspects of convection in a porous 
medium have also been analysed in considerable experimental and theoretical detail 
by Combamous and Bories (1975), and Combamous (1978; after Cathles, 1981). 
3.1. HYDROLOGICAL MODELS OF HYDROTHERMAL SYSTEMS 
Lowell (1991) distinguishes two basic types of hydrological models that are 
commonly applied to hydrothermal systems: the porous medium or cellular 
convection model and the pipe model. The cellular convection model describes 
convection in a layer of water-saturated porous material. This approach was 
introduced by Horton and Rogers (1945) and Lapwood (1948), and examines the 
onset of convection and convective instability in a homogeneous porous layer heated 
from below (fig. 3.1). This concept has served as a starting point for studying 
geothermal convection in continental and submarine environments and has since 
F 
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been expanded considerably. It can be adjusted to investigate a number of factors 
that influence temperature and velocity distribution, such as the effect of lateral 
boundaries or the pressure dependence of transport properties of the fluid (Lowell, 
1991). 
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Figure 3.1 Schematic cross-section showing the porous medium or cellular convection model, 
which shows convection in a layer of water-saturated porous material, heated from below. 
The pipe model considers hydrothermal circulation as heating, recharge and 
discharge elements and variations of temperature and velocity in the cross-section of 
the pipe are neglected (fig. 3.2). It can be considered a special case of the porous 
medium model where heterogeneous permeability distribution confines the flow path 
to pipe-like zones (e.g. Lowell, 1991; Lowell and Burnell, 1991; Lowell and Yao, 
2002; Lowell et aL, 2003). In this single-pass model, fluid enters a recharge region, is 
heated, and discharges at the surface. The discharge and recharge regions are equated 
to discrete channels or pipes, which in turn can be equated to faults. These models 
have been used successfully to describe the general behaviour of high-temperature 
hydrothermal systems (e.g. Donaldson, 1962; Elder, 1981; Lowell and Burnell, 
1991). 
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Figure 3.2 Schematics of the pipe model of hydrothermal systems, consisting of a recharge 
zone, a heating zone and a discharge zone in a pipe, embedded in an impermeable medium. The pipe 
model can be regarded as a special case of the porous medium model, in which an extremely 
heterogeneous distribution of permeability restricts the fluid flow path to a pipe-like zone (after 
Lowell, 1991). 
A third type of model has been introduced by Lister (1974) and illustrates that active 
high-temperature hydrothermal systems are maintained by the penetration of 
convecting hydrothermal fluid into hot rock as a result of cooling and cracking of the 
boundary layer between the hot rock and the hydrothermal fluid. This penetrative 
convection model has been adopted in the discussion of hydrothermal systems (e.g. 
Strens and Cann, 1982; Brikowski and Norton, 1989) but little quantitative work has 
been done other than that of Lister himself (Lister, 1983). These previous studies 
were mainly aimed at understanding free and forced convection in porous media 
from a mostly theoretical point ofview and often under highly idealised conditions. 
Results of these early models have found various applications in geothermal 
systems as summarised by Ping Chen (1978). Lister (1972), Bodvarsson and Lowell 
(1972), and Lowell (1975) introduced analytical models for hydrothermal flow in the 
./, 
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oceanic crust, which simulated the oceanic crust as a uniform porous layer heated 
from below. Ribando et al. (1976), Parmentier and Spooner (1978), Fehn and Cathles 
(1979), and Fehn et al. (1983) developed numerical models of hydrothermal 
circulation at mid-ocean ridges and modeled hydrothermal convection on the 
seafloor under more realistic conditions such as rock permeability variations or 
changing boundary conditions. Results were used to explain discrepancies between 
predicted and measured heat flow data with differences in rock permeability (fig. 
3.3). They identified certain permeability distributions within the oceanic crust and 
their ramifications on the physical controls on mineralisation, i.e. recharge and 
discharge zones (Parmentier and Spooner, 1978). 
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Figure 3.3 Steady state temperatures, stream lines and heat flow distribution in oceanic crust, 
where permeability decreases exponentially from surface permeability ks = 2.5 mdarcy to base 
permeability kb = 0.025 mdarcy. The mid-ocean ridge axis is located at the left-hand side of the 
domain. Total heat flow is given in heat flow units (lHFU = 10-6 caVcm2 sec) on an exponential scale. 
Flow patterns show a strong convection cell resulting at the ridge axis, causing a large, narrow peak in 
heat flow distribution. A second discharge area appears at a distance of 13 km from the ridge axis 
producing another sharp peak in the heat flow distribution (from Fehn and Cathles, 1979). 
Fehn and Cathles (1979) modeled flow-through fractures by introducing narrow 
zones of high permeability into a low-permeability domain and utilised anisotropic 
permeability distribution as a function of depth. Cathles (1977) introduced a model 
26 
Chapter 3 Review ofore deposit modeling 
describing the cooling of an igneous intrusion and subsequent groundwater 
convection. This study especially looked at heat flow distribution and mass flux as a 
function of permeability, pluton volume and level of intrusion. Results showed the 
dependency of fluid circulation and heat flux on the permeability, cooling time and 
half-width of the pluton as well as the role of free flow out the top surface of the 
model and the effect of salinity. This model was also applied to geothermal resource 
problems and aspects of porphyry copper deposits. These early studies employed a 
simple box-like geometry, with no topography and simple stratigraphy, and therefore 
describe hydrothermal circulation on the seafloor in a simple fashion. Information, 
especially on the permeability distribution of oceanic crust and sub-seafloor 
structure, were sparse and calculated solutions were time and labour intensive. 
With the rapid advance of seafloor research and computers in the last 20 years, later 
numerical studies advanced existing models for seafloor hydrothermal convection 
systems by improving the computer code (i.e. non-centred nodes and curved sides-
Fisher et aL, 1994; discrete fracture incorporation - Yang et aI., 1996a), including 
seafloor and basement topography (Fisher et aI., 1990; Fisher et aI., 1994; Fisher and 
Becker, 1995; Wang et aI., 1997), refming permeability distribution (Williams et aI., 
1986; Rosenberg et aI., 1993; Davis et aI., 1996; Snelgrove and Forster, 1996; Yang 
et al. 1996b), considering heat source geometry (Brikowski and Norton, 1989; Fisher 
and Narasimhan, 1991), and coupling geochemical processes with heat and fluid 
flow transfer (e.g. Lichtner et aI., 1983; Steefel, 1996; Appolt and Garven, 2000). 
Another focus of computer modeling of mineral deposits has been fluid flow in 
sedimentary basins and the formation of zinc-lead ore bodies. Garven (1985) first 
applied mathematical modeling of gravity-driven flow in continental sedimentary 
basins to MVT ore deposits. Cathles and Smith (1983) and Garven and Freeze (1984 
a,b) also used numerical modeling techniques to investigate thermal constraints and 
the role of groundwater flow in the genesis of stratabound ore deposits. These 
models were constructed to investigate gravity-driven fluid flow in sedimentary 
basins and included features inherent to such environments such as surface and 
basement topography, wedge-shape geometry, and compaction. Results from these 
models demonstrate that gravity-driven groundwater systems are capable of 
sustaining favourable fluid flow rates, temperatures and metal concentrations for ore 
formation at groundwater discharge areas (Garven, 1984; Garven, 1985). More 
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recent efforts refined existing models for MVT ore deposits in the Mississippi valley 
district by introducing deposit-scale models and integrating fluid flow, heat and 
solute transport and chemical reactions (Appolt and Garven, 1999; Garven and 
Appolt, 1999; Appolt and Garven, 2000). This type of modeling has recently been 
applied to areas outside the Mississippi valley region of North America such as the 
Maritimes basin in Eastern Canada (Chi and Savard, 1998) and the Touissit-Bou 
Beker district in Morocco (Makhoukhi et aI., 2000). Other numerical models have 
been developed to gain insight into processes of heat and fluid transport in a variety 
of geological environments such as the formation of other types of ore bodies (e.g. 
U-REE ore bodies - Oliver et aI., 1999), various continental settings (Ingebritsen and 
Sorey, 1988; Arkoma Foreland basin - Ge and Garven, 1992; groundwater flow near 
plutons - Hayba and Ingebritsen, 1997; Kakkonda geothermal reservoir - Hanano, 
1998; accretionary wedge - Manu and Kukowski, 1999; McArthur basin - Garven et 
aI., 2001), rift environments (Wieck et aI., 1995; Gvirtzman et aI., 1997; Polyansky 
and Poort, 2000) as well as various theoretical studies (Zhao et aI., 1999a; Zhao et 
aI., 1999b; Germanovich et aI., 2001). 
3.2. HYDROLOGICAL MODELS OF MASSIVE SULFIDE ORE FORMATION 
Hydrological models of the formation of VHMS deposits emerged and benefited 
from the development of models describing hydrothermal convection on mid-ocean 
ridges and the seafloor in general. While LePichon and Langseth (1969), Langseth 
and Von Herzen (1970), and Talwani et aL (1971) speculated that discrepancies 
between measured and calculated heat flow data on the seafloor could be explained 
by convective heat transfer, Lister (1972) first showed that hydrothermal convection 
explains heat flow measurements on mid-ocean ridges and that hydrothermal fluid 
convection is influenced by seafloor topography, sediment cover and heat supply. 
Besides rock permeability and fault distribution these are the most important factors 
that determine heat and fluid flow distribution and ultimately the location of ore 
deposition. It is appropriate here to point out that hydrological models for the 
formation of massive sulfide deposits are invariably tied to the development and 
advancement of genetic models for massive sulfide deposits. 
The two most widely accepted genetic models are the seawater convection 
cell model and the magmatic model as described by Lydon (1988) or Large (1992). 
, 
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In the convection cell model, subsurface waters (dominantly seawater) convect and 
leach metals from rocks along their flow path, driven by a magmatic heat source. 
This model is supported mainly by characteristic sulfur and oxygen isotopic 
signatures (surface enrichment vs. depth depletion due to fractionation) caused by the 
influx of seawater and decreasing isotopic fractionation with increasing temperature 
at depth (e.g. Ohmoto and Rye, 1974; Franklin et aI., 1981; Pisutha-Arnond and 
Ohmoto, 1985; Gemmell and Large, 1992; Alt, 1995; Lenz et aI., 1997; McCandless 
et aI., 1998). Oxygen and hydrogen isotopic data of fluid inclusions and minerals 
from VHMS deposits and ophiolites are generally interpreted as seawater 
hydrothermal fluids with possible magmatic and meteoric components undergoing 
isotopic exchange due to water-rock interaction (Ohmoto and Rye, 1974; Heaton and 
Sheppard, 1977; Beaty and Taylor, 1982; Pisutha-Arnond and Ohmoto, 1982 - after 
Lydon, 1988; Gregory and Taylor, 1981; Green et aI., 1983; Stakes and Taylor, 
1992). Other evidence comes from experimental seawater-basalt interaction (Hajash, 
1975; Mottl, 1983; Seyfried and Bishoff, 1981; Bemdt et aI., 1988; Seewald and 
Seyfried, 1990; Seyfried et aI., 1998) as well as computer modeling and numerous 
seafloor observations and related studies (e.g. Jehl et aI., 1977; Humphris and 
Thompson, 1978; Thompson, 1983; Ohmoto, 1996; Lackschewitz et aI., 2000; Bach 
et aI., 2001; Luders et aI., 2001; Pulitz et aI., 2001). While a magmatic contribution is 
often acknowledged, most seawater convection models argue that circulating 
seawater dominates the hydrothermal system. However, when applied to specific 
scenarios, several models have shown that the magmatic intrusion is too small to 
convect sufficient seawater to form a significant ore body, or the ore fluid had to 
contain more than the commonly assumed 100 ppm of base metals (Lydon, 1988). 
In the magmatic hydrothermal model a significant amount of metals and fluids are 
derived from the magma chamber rather than by seawater convection and leaching as 
discussed by Large (1992). Based on geological, isotopic and geochemical evidence 
it is suggested that massive sulfide ore deposits form from a combination of 
circulating seawater and magmatic input as shown by Urabe and Sato (1978), 
Sawkins (1986), Urabe and Marumo (1991), Sillitoe et al. (1996), and discussed by 
Henley and Ellis (1983), Munha et al. (1986), Stanton (1990), Stanton (1991, 1994), 
Large et al. (1996), Lydon (1996) and Gamo et al. (1997). Although the influence of 
a magmatic input is difficult to judge, Alt (1995), Kelley et al. (1992) and Large et 
l 
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al. (1996) propose a small but important contribution of certain components by the 
magmatic fluids, such as Cu, Au, and chloride content (salinity). Lydon (1996) 
suggested that under favourable conditions the proportion of metals contributed by 
the magmatic hydrothermal system could be four times the total metal mobilised by 
the convective hydrothermal system. Besides the affmity to particular igneous suites 
(calc-alkaline magmas - Sangster, 1972; Solomon, 1976; after Lydon, 1988) salinity 
is often cited as evidence for a magmatic influence. Salinities of VHMS systems can 
range from seawater values (~  3.5 wt % NaCl) to values several times higher than 
seawater (11 wt % - Solomon and Zaw, 1997; 15 wt % - Luders et aI., 2001; 23 wt % 
- Karpukhina and Baranov, 1995; 25 wt % - Zaw et aI., 1999). A number of 
processes are used to explain salinity values higher than seawater, such as rock 
hydration reactions, phase separation, evaporite dissolution, or mixing with saline 
magmatic fluids. However, it is often difficult to determine by what process salinity 
was attained and there are indications that most of these processes are either of 
limited efficiency or do not apply to a number of hydrothermal systems and ore 
deposits (Scott, 1997). Besides the evidence cited above, Alt (1995) presented 
evidence of magmatic input in the form of volatiles (C02, C14, H2, S02) for modem 
examples of massive sulfide ore formation in submarine hydrothermal systems. In 
ophiolite systems such as the Troodos ophiolite, high-salinity fluids (30 - 60 wt % 
NaCl) have been attributed to magmatic exolution from magmatic fluids (Kelley and 
Robinson, 1990; Kelley et aI., 1992) and while they probably did not contribute to 
the alteration signature, they likely influenced salinity and other compositional 
variations in the hydrothermal fluids (Alt, 1990). 
Early ideas about the origin of metal-rich submarine hydrothermal solutions and the 
formation of seafloor deposits were probably first advanced by Corliss (1971) who 
pointed out the role of thermal crack propagation into a heat source admitting 
seawater and establishing convective fluid flow. He argued that convective flow 
would bring fresh seawater into contact with hot rocks, dissolve residual magmatic 
components and enter the seafloor as hydrothermal solutions attributed to submarine 
deposits. Later work by Ohmoto and Rye (1974), Solomon (1976), Elder (1976), 
Large (1977), and others used isotopic and geological evidence as well as 
experimental work to support hydrothermal seawater convection models. These 
models showed a broad temperature distribution (hot water mushroom; Elder, 1976; 
;; 
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Large, 1977), with general fluid circulation patterns and convection regImes, 
explaining several generic features of massive sulfide deposits such as discharge-
recharge zones or temperature-dependent mineralisation and alteration. Cathles 
(1977) was probably the first to develop a simple numerical model describing the 
convection of hydrothermal fluids heated by an intrusion and leading to potential ore 
body formation. His box model predicted that fluid circulation appears sufficient to 
produce an ore body (porphyry copper deposit) but also states that base metal 
precipitation is likely to be controlled by mechanisms other than a simple 
temperature drop. Parmentier and Spooner (1978) numerically simulated the 
formation of the hydrothermal ore deposits of Cyprus. Their model was a simple 
cylindrical cell with isotropic permeability distribution, impermeable side boundaries 
and an open top boundary (fig. 3.4). Despite the simplicity of this semi-quantitative 
model, a number of important conclusions were deduced. They identified a narrow 
zone of greatest upward fluid flux of a rising plume that confmed mineralisation to a 
small volume. Figure 3.4 also illustrates how a simple hydrological model can yield 
valuable information regarding the evolution of a hydrothermal system such as 
temperature and fluid distribution in time or areas of most intense mineralisation. 
A more comprehensible modeling approach was taken by Cathles (1978, 
1980, 1981, 1983), who studied fluid flow requirements for several deposit settings 
as well as the formation of the Hokuroku basin massive sulfide deposits. In analysis 
of the massive sulfide deposits of Cyprus, Cathles (1981) used the concept of 
secondary circulation to explain rock alteration patterns compatible with multiple 
discharge points forming clusters of massive sulfide deposits in Cyprus and Japan as 
suggested earlier by Solomon (1976). This concept states that upward-venting 
solutions cause secondary circulation of fluids and consequently recharge in the 
vicinity of the vents. He also provided a good review of the variety of other models 
that had been developed to investigate specific aspects of hydrothermal circulation 
and ore body formation such as time requirements for the cooling of an intrusion 
(Lister, 1974; Norton and Knight, 1977; Torrance and Sheu, 1978), rate and amount 
of hydrothermal convection (e.g. Elder, 1977; Cathles, 1977; Norton, 1978), mixing 
models (Large, 1977; Spooner et aL 1977a,b; Giletti and Parmentier, 1978; Norton 
and Taylor, 1978) and the importance of linking chemistry and fluid flow modeling. 
-----------------------------
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Figure 3.4 Stream lines and isotherms for steady-state convection computed to simulate fluid 
circulation inferred from geological observations of ophiolites of the Troodos Massif, Cyprus. 
Realistic absolute values are given for a maximum bottom temperature of 450°C. Area a = theoretical 
volume of most intense mineralisation. Area b = theoretical volume of maximum leaching. Area c = 
approximate dimensions of the Limni mine stockwork. Area d = approximate volume of basalt which 
would contain the copper contained in the Limni ore deposit. Temperature profiles along the vertical 
boundaries of the cell are shown on the left-and right-hand sides of the central diagram, and the 
vertical flow rate through the open upper boundary is shown above the central diagram (from 
Parmentier and Spooner, 1978). 
The model of the hydrothermal system responsible for the Hokuroku Basin massive 
sulfides developed by Cathles (1983) was the first comprehensive study to analyse a 
massive sulfide deposit/district by combining field data, heuristic calculations and 
chemical evidence to create a [mite difference model to compare chemical 
predictions with actual field observations. At first, heuristic calculations were carried 
out to estimate certain parameters that are either unknown or difficult to obtain from 
the field such as the intrusion size, the permeability of the host rock, and the duration 
of the mineralising event. These estimates then provided a reasonable choice of 
}, 
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parameter values for the physical-chemical modeling. The second step applied 
physical models of convective cooling (dike injection at a ridge and magma 
chamber) to investigate the cooling history and calculate maximum venting 
temperatures as a function of rock permeability (fig. 3.5). 
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Figure 3.5 Calculated maximum temperatures of vented solutions as rock permeability (k') 
varies from base level (k'0) at temperatures above 300°C. Such a temperature dependence on 
permeability is claimed to be reasonable because the rate of rock dissolution reactions increases 
rapidly at T > 300°C, allowing the removal of the topographic irregularities that prop fractures open 
and make them permeable. If A in the formula is - 1.0, the calculated temperatures of venting fluids 
are within the range geologically observed (after Cathles, 1983). 
Results provide important information regarding permeability changes of intrusions 
and consequent changes in fluid exit temperatures as a function of time, i.e. fluids 
initially convect around intrusions when they are hot and impermeable, but gain 
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access after intrusion when temperatures drop below 350°C. Information about mass 
flux and fluid velocity were also used to estimate water-rock ratios and the 
effectiveness of the system, i.e. when will recharging fluids control the chemistry of 
discharge fluids. The third step simulated the dissolution and precipitation of silica, 
anhydrite, and oxygen isotope alteration including realistic kinetics; both vital 
features for the interpretation of the Hokuroku hydrothermal system. The role of 
temperature-dependent permeability was also incorporated, based on the boundary 
layer or 'cracking front' model proposed initially by Lister (1974). These innovative 
models, and their results, confirmed that numerical modeling is capable of 
reproducing many aspects of a hydrothermal system producing VHMS deposits, such 
as heat source and supply, ore body formation, oxygen isotope signatures or general 
alteration zonation. It also confIrmed a number of assumptions made with regard to 
the genesis and evolution of the hydrothermal system, like the controls of oxygen 
isotope fractionation, the duration of the hydrothermal system, fluid flow 
distribution, and the timing of silica and anhydrite precipitation. Based on simulation 
results and field observations, a general model for the Hokuroku massive sulfide 
deposits emerged that has served as the basis for later VHMS models in various 
tectonic settings: 
1.) fracture-controlled convective fluid flow driven by several intrusive pulses 
forms early precipitates (silica, anhydrite), causing surface sealing and subsequent 
massive sulfide precipitation by hotter fluids (Tmax ~  350°C) 
2.) characteristic oxygen isotopic signatures (surface enrichment vs. depth 
depletion due to fractionation) caused by the influx of seawater and decreasing 
isotopic fractionation with increasing temperature at depth, influencing the relative 
distribution of alteration assemblages 
3.) formation of multiple lenses ofmineralisation due to multiple pulses ofrifting 
and intrusion, driving successive hydrothermal convection systems 
Despite the simplicity of the models (i.e. no stratigraphy or topography) and their 
limitations, the depth and range of aspects and processes investigated in these studies 
established a generally accepted model of the factors that operate and control the 
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evolution of hydrothermal systems and the genesis of VHMS ore bodies. Later 
modeling efforts focussed mostly on specific aspects ofheat extraction, hydrothermal 
convection or massive sulfide formation rather than attempting to investigate a 
complete hydrothermal system or construct new hydrological models. These include 
heat extraction from a magmatic source and its effect on venting temperatures and 
discharge duration (Lowell and Rona, 1985; Cann et al. 1985/86; Strens and Cann, 
1986; Lowell and Burnell, 1991), convection cell dimensions, configuration, stability 
and implications for the formation ofmassive sulfide deposits (Solomon et aI., 1987) 
and temperature-velocity distribution within sulfide edifices and its connection to 
heat and mass flux (Dickson et aI., 1995; Yang et aI., 1996b). Results from these 
studies improve our understanding of certain aspects of hydrothermal systems and 
the precipitation ofmassive sulfides in volcanic terrains. 
Recent studies apply increasingly more sophisticated numerical models to the 
study of specific deposits or regions (e.g. TAG mound - Yang et aI., 1996b; Yang 
and Large, 2001; Kidd Creek - Barrie et aI., 1999a,b; Juan de Fuca Ridge -
Rabinowicz et aI., 1998) to model heat flux, fluid flow and ore body formation to 
determine the conditions which control and influence these specific hydrothermal 
systems. The most notable additions are the inclusion of free-oriented discreet 
fractures (Yang and Large, 2001), a more detailed stratigraphy and permeability 
distinction (e.g. Barrie et aI., 1999b), the role of anhydrite and quartz in seafloor 
hydrothermal systems (Martin and Lowell, 2000; Lowell and Yao, 2002; Lowell et 
aI., 2003), and 3-D numerical modeling by Rabinowicz et al. (1998) and Fontaine, 
(2001). These recent models can yield specific information and place constraints on 
certain features such as rock permeability or the system life span and help to explain 
certain features of individual deposits like the size and distribution of ore bodies or 
the nature and depth of the heat source (Cathles et aI., 1997; Barrie et aI., 1999b). 
This specific knowledge can then be used to draw comparisons to other massive 
sulfide deposits and aid the exploration for new deposits. 
The purpose of this study is to build on the previous work by concentrating on two 
particular areas, which are hosts to VHMS deposits. The modeling aspect of this 
study is divided into two parts. The first part will test a general back-arc rift graben 
model to investigate heat flux and fluid flow as a function of model geometry (fault 
distribution and properties, topography, stratigraphy) as well as rock permeability. 
;,: 
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,This model will be adjusted to simulate the regional heat and fluid flow and 
investigate the potential for massive sulfide ore body formation in the Lau basin 
under more realistic conditions. The second part will employ a well-constrained local 
model of the Panorama massive sulfide district in Western Australia to reproduce the 
alteration zonation, temperature distribution and ore bodies found in the Panorama 
district and gain new insight into the evolution of this ancient hydrothermal system. 
This model will include realistic stratigraphy, fault distribution and other constraints 
based on field observations. Both models are aimed at a better understanding of the 
main processes operating within a hydrothermal system and the constraints, which 
can be placed on the evolution of a hydrothermal system and the formation of base 
metal deposits in ancient and modem submarine settings. 
----------------------------
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Chanter 4 
The Lau basin model 
In order to understand how massive sulfide deposits form in vo1canogenic 
environments and how topography, rock permeability and fault geometry influence 
the evolution of seafloor hydrothermal systems a simple numerical model has been 
constructed based on modem examples of active seafloor hydrothermal systems. The 
purpose of this study is to determine, how heat distribution and fluid flow occur in 
simple seafloor environments, and determine the conditions, which lead to the 
formation of a black smoker type seafloor deposit. Based on such a simplified 
regional model, a more realistic model can be developed to investigate processes of 
fluid flow and ore body formation on a local scale, which enables a comparison of 
results with field observations to provide valuable information for future exploration. 
Recent discoveries and ongoing research in this field (e.g. Cathles et aI., 
1997; Chadwick and Embley 1998; Barrie et aI., 1999a,b; Peterson et aI., 2000) has 
provided crucial geological information and permitted simulations of heat and fluid 
transport under more realistic conditions, while reducing some uncertainties that 
arise from 'ancient' settings, such as extent of topography, rock permeability or 
tectonic framework at the time of mineralisation. The occurrence of massive sulfide 
deposits in modem volcanic settings is well researched and numerous studies have 
described various tectonic settings and their features such as the Red Sea (Herzig and 
Hannington, 1995; Scholten et aI., 2000), the Lau basin (Herzig et aI., 1990; Fouquet 
et aI., 1993; Herzig et aI., 1993), the Mid-Atlantic Ridge (e.g. You and Bickle, 1998; 
Petersen et aI., 2000) or the Juan de Fuca Ridge (e.g. Krasnow et aI., 1994; 
Rabinowicz et aI., 1998).· These settings are either directly connected to mid-ocean 
ridge spreading centres or other extensional tectonic regimes such as back-arc basins. 
To simulate the environment and formation of massive sulfides in an active seafloor 
hydrothermal setting, a back-arc scenario with rift graben tectonics was selected. The 
Lau Basin was chosen because it has been studied in some detail (Collier and Sinha, 
1992; Fouquet et aI., 1993; Parson et aI., 1994; Kamenetsky et aI., 1997; Herzig et 
aI., 1998; Turner et aI., 1999) providing vital information on the structure, 
topography, geology and tectonics of the basin. 
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In the first part of this chapter a simple two-dimensional numerical model has been 
developed to investigate convection patterns, fluid flow and the impact of 
topography, fault distribution and rock permeability on the evolution of a submarine 
hydrothermal system overlying a magma chamber ('simple Lau mode!'). This simple 
model is then upgraded to a more 'realistic' model of the Lau basin, developed to 
study where and how massive sulfide ore bodies are most likely to form under the 
given geological conditions. 
4.1. THE SIMPLE LAD BACK-ARC RIFT GRABEN MODEL 
The Lau basin is a typical example of an active back-arc basin situated between the 
Lau ridge and the Tofua volcanic arc formed by arc splitting (Fouquet et aL, 1993; 
Tappin et aL, 1994; figure 4.1). It is a triangular-shaped basin about 100 km to 200 
km wide and about 400 km long with an irregular horst and graben topography and a 
relief in excess of 1,000 m (Parson et aL, 1994). Earlier studies provide good 
geophysical and topographical data, which are crucial for the construction of a 
numerical model (Riech et aL, 1990; Tappin et aL, 1994; Turner et aL, 1999; fig. 
4.2). A number of active hydrothermal areas and polymetallic deposits from the Lau 
basin have been described for example by Herzig et aL (1990), Fouquet et aL (1993), 
and Herzig et aL (1993). 
4.2. MODEL CONSTRAINS 
Based on data from Morton and Sleep (1985), Collier and Sinha (1992), Fouquet et 
aL (1993), Tappin et aL (1994), Parson and Wright (1996), and Turner et aL (1999) a 
2-D cross-sectional model was constructed that includes simple stratigraphy and 
idealised topography based on seismic profiles of Parson et aL (1994). Figure 4.3 
shows the geometry and stratigraphy of this model: a 7 by 60 km solution domain 
made up of 1,276 elements with a distinct graben topography and a typical seafloor 
stratigraphy modified after Fouquet et aL (1993). A 200 m thin sediment package 
covering a 300 m thick breccia sequence overlies an 800 m thick andesite layer. The 
underlying sheeted dikes range from lA to 1.9 km in thickness and the basement 
consists of layered gabbros and a magma chamber 2.4 km below the seafloor, as 
described by Collier and Sinha (1992). 
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Figure 4.1 Location of the Lau basin and main topographic features (from Tappin et al., 1994). 
Contours show water depth in km. 
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Figure 4.2 Seismic 2-D sections of the Lau basin illustrating (A) topography and fault 
spacing/extent and (B) the depth and extent of the shallow magma chamber inferred from seismic data 
(fromCollierandSinha, 1992;Parsonetal., 1994). 
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Figure 4.3 Numerical solution domain of the simple Lau basin model showing numerical mesh, 
elements and geometry of the model. In order to illustrate heat and fluid flow, a vertical exaggeration 
of 3: 1 will be used for heat and fluid flow distribution and water-rock ratios respectively. 
A number of faults are incorporated into the mesh as regions of higher permeability. 
Faults are spaced 5 and 10 km apart respectively based on seismic data (Parson et aI., 
1994). Fault width has been set to 400 m due to software and initial conditions 
requirements, as explained in section 4.4.2. While deep-seated granitic magmas can 
reach temperatures of about 950°C (Furlong et al., 1991; Pitcher, 1993), mafic and 
ultramafic intrusions such as seafloor magma chambers can reach temperatures of -
1,250°C (Fehn and Cathles, 1979; Sparks, 1986; Brikowski and Norton, 1989; Barrie 
et aI., 1999b). Sparks (1986) reported a temperature of 1,650°C for mantle-derived 
lavas in the Archean, which subsequently has been used by Cathles et al. (1997) and 
Barrie et al. (1999a) to model massive sulfide deposit formation. For this model, a 
magma temperature of 1, 150°C is used to simulate mantle-derived melts underlying 
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a thin seafloor crust, since this is the upper limit the modeling software can handle 
under the chosen conditions. 
4.2.1. Rock properties 
Of all the rock properties, related to fluid flow, the most important by far is 
permeability (e.g. Fehn et aI., 1983; Garven and Freeze, 1984b; Barrie et aI., 1999a). 
Significant permeability differences between rock units determine regional heat and 
fluid flow patterns, while local differences in permeability, such as faults, enable 
fluid transport in otherwise impermeable rocks. As discussed earlier, factors to be 
considered in this respect are the effect of diagenesis and alteration on the 
permeability of rocks. These processes cause the dissolution and precipitation of 
various minerals, which usually decrease rock permeability due to a decrease of pore 
space or reduction/closure of existing fractures. 
Rock property values for seafloor sediments are readily available in the 
literature (e.g. Becker et aI., 1985; Fisher and Narasimhan, 1991; Snelgrove and 
Forster, 1996), but since it is assumed that the sediment cover acts as a low 
permeability barrier, lower end permeability values have been chosen for the 
modeling process (see table 4.1). This is illustrated in figure 4.4, which indicates that 
the permeability profile of seafloor sediments changes significantly as a function of 
depth (more than one order of magnitude). 
... _........- ...... 
....,L&...&. ............ .&.""_.&-- 1-'.............. - ........ _ .........-- ...."" ............ - ....................... - - ............ _ ......  .... _~....... _ ....... - -~_............. ~  
Rock unit Permeability Porosity Thermal conductivity Source 
(m2) (%) (W/m*C) 
Sediments 5xlO-1K 1 2.0 Becker et al. (1985) 
Fisher and Narasimhan 
(1991) 
Snelgrove and Forster 
(1996) 
Breccia 2.5xlO-JO 12 1.5 estimated 
zone 
Andesite 2.5xlO-u 8 1.5 Becker (1990) 
Bruns and Lavoie (1994) 
Fisher et al. (1997) 
Sheeted lxlO-17 2 2.0 Becker et al. (1985) 
dikes Becker et al. (1989) 
Salisbury et al. (1985) 
Gabbro lxl0-1~  1 2.0 Becker et al. (1989) 
Goldberg et al. (1991) 
Roari and Baldrigde (1972) 
Faults 2.5xlO-14 30 2.5 estimated 
Note: Values have been compiled and averaged from numerous sources and may not reflect specific values quoted in the 
references above. 
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Figure 4.4 In situ permeability of seafloor sediments as a function of depth. Permeability 
values decrease about two orders of magnitude within a distance of less than 100 m, indicating that 
seafloor sediments have much lower permeability at depth than those recorded on the seafloor surface 
(after Giambalvo et aI., 2000). I - fme-grained turbidites, 2 - hemipelagic turbidites. 
Thus it is assumed here, that in general, sediments at depth are fairly impermeable 
with respect to fluid flow. The gabbro and sheeted dike region is described by rock 
property data taken from Becker et al. (1985), Becker (1991), Becker and Sakai 
(1991), and Goldberg et al. (1991). Since few rock property data are available for 
andesite, values for this unit have been adopted from basalt values in the literature. 
Numerous published data are available for porosity, permeability, and thermal 
conductivity of seafloor basalt (e.g. Skibitzke and Da Costa, 1962; Karato, 1983; 
Anderson and Newmark, 1985; Fisher et aI., 1997) and values used here were 
averaged, while data that were evidently abnormal (i.e. due to fracturing of tested 
samples) were excluded. However, measurements of hydraulic conductivity have 
been shown to vary widely and are very much scale dependent (Brace, 1984; 
Clauser, 1991; Neumann, 1994; Gueguen et aI., 1996). Gelhar et al. (1992), 
Neumann (1994) and Barrie et al. (1999a) in their studies showed that in general with 
increasing scale of observation, mean hydraulic conductivity increases, and therefore 
---------------------------
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average hydraulic conductivity values depend on the choice of samples and method 
of data acquisition. It is interesting to note that maximum values measured in the 
laboratory fall into the range of values obtained at the largest scale (fig. 4.5). This 
could mean, that in general, the highest values reported from small-scale 
observations (laboratory measurements) are representative of the whole rock 
permeability, since these high values will control the permeability of individual rock 
units. This phenomenon of scale dependence and 'bulk' value apparently also applies 
to other physical properties such as electrical resistivity (M. Roach, pers. comm., 
2001). Simulation results may reveal if it is necessary to employ 'high-end' 
permeability values to achieve agreement between field observations and numerical 
simulations. Table 4.1 shows rock properties and initial conditions at the start of the 
simulations. By choosing values representing average or minimum values the system 
is assumed to represent unfractured rock with low to average permeability. This has 
been done to approach the modeling process from a 'lower limit'; if heat and fluid 
flow can be successfully demonstrated under low permeability conditions, it will 
certainly occur at higher permeabilities. 
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Figure 4.5 Permeability dependence of crystalline igneous rocks and metamorphic rocks on 
scale of measurement (after Barrie et al., 1999a) illustrating the difference in reported rock 
permeability values as a function of scale. 
___________________________ '
) 44 
10-24 
Chapter 4 The Lau basin model 
4.2.2. Boundary conditions 
An important set of conditions in numerical modeling is the choice of boundary 
conditions. Boundary conditions determine whether heat and fluid exchange takes 
place across the boundaries and hence the influence heat and fl:uid flow pattern. For a 
2-D model there are 4 boundaries, which must be defmed in terms of heat and fluid 
flow exchange. This model simulates the convection of hydrothermal fluids near the 
seafloor (top boundary), which is usually covered with low-permeability sediments 
and generally considered 'impermeable' for modelling purposes (Fisher et aI., 1994; 
Davis et aI., 1996). Although the top boundary is open to heat and fluid exchange, it 
is represented by low-permeability sediments so the main fluid flow is expected to 
take place within the faults, which intersect the top boundary. Side boundaries are 
closed to heat and fluid flux since a large portion of the side boundaries are made up 
of low permeability rocks. The same situation applies to the lower boundary. While 
lower boundaries are often assigned a steady heat flux, simulating a geothermal 
gradient, this particular model features an axial magma chamber with an initial 
temperature of 1,200°C, while other sections of the lower boundary, represented by 
layered gabbro, are set to 800°C; both the magma chamber and lower boundary are 
allowed to cool. The initial temperature distribution within the solution domain is 
assumed to be linear, i.e. the temperature at the start of the calculations increases 
linearly from 0° at the top of the model section to 1200°C and 800°C relative to the 
location of the heat source at the bottom of the model section. Initial velocity is set to 
be zero throughout the system. 
The modeling process involved initial simulations and necessary adjustments 
to facilitate successful calculations and eventually reach steady-state conditions. 
Following the initial simulations, a sensitivity analysis was performed by varying 
key rock properties (permeability, porosity, thermal conductivity), fault permeability 
and distribution, as well as topography, to investigate the sensitivity and response of 
the hydrothermal system to changing hydraulic conditions. Theoretical constrains 
that were applied here include the assumption of local equilibrium and isotropy of 
individual rock layers. Since there is no detailed information available on individual 
rock units, a uniform composition and hence isotropic permeability, thermal 
conductivity, and porosity distribution for each individual rock unit has been 
assumed. Modeling progress is achieved by increasing time steps to higher values 
with ongoing calculations. 
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4.3. NUMERICAL MODELING 
Initial modeling conditions (e.g. initial conditions within the solution domain at the 
start) were set to initiate convection. It was then necessary to check if all parameters 
represented valid choices and if the simulations proceeded to the end, i.e. the heat 
source cools down. The initial model section included only one active fault located at 
the bottom of the topographic low at 30,000 m (see figure 4.3 for reference). 
Preliminary results showed no significant fluid flow and only low water-rock ratios 
developed within the section, suggesting that rock permeabilities were too low to 
allow significant fluid flow while heat transport occurred mainly by conduction. 
Consequently, rock permeabilities for the breccia zone and andesite layer were 
increased by one order of magnitude to 2.5xlO-15 m2 and 2.5xlO-16 m2 respectively. 
Figure 4.6 shows heat distribution, fluid velocity and water-rock ratios after 30,000 
years. Numerous convection cells have developed after about 5,000 years within the 
andesite layer, with the axial fault 4 acting as a recharge zone. Fluid flow and 
corresponding convection cells are concentrated mostly around the recharge zone 
and within the andesite layer. 
4.3.1. Water-rock ratios and alteration 
Alteration reflects the interaction of fluid with rock under a variety of temperatures 
and rock properties. Fluid temperatures, fluid flow intensity and its distribution 
within individual rock units will determine the degree of alteration. To characterise 
alteration as a function of fluid flow, water-rock ratios have here been calculated on a 
cumulative basis, reflecting the degree of alteration over time: 
wr = wr + (I v I*dz + Iv I*d )*"h *dtx 
n (n-I) z x 'fJ (4.1)
d x *dz 
where wr denotes water-rock ratios, the subscript n refers to the time step, Ivxl and [vzl 
are absolute values of fluid velocity in the x- and z-direction, dx and dz are the 
dimensions of the control volume in the x- and z-direction respectively, rjJ is 
porosity, and dt is the time difference between successive time steps. 
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Figure 4.6 Modeling results for initial simulations (only fault 4 activated) for A) model geometry 
after 30,000 years showing B) temperature isotherms, C) fluid flow vectors and D) cumulative mass 
water-rock ratios. Numerous convection cells start to develop with fluid flow occurring mainly within the 
basalt-andesite layer; modeling conditions are listed in table 4.1 
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Although fluid flow in nature occurs in three dimensions (vx, vy, vz), numerical 
simulations here are carried out for a 2-D homogeneous, anisotropic system, so that 
fluid flow can be considered as specific discharge through a unit thickness of the 
system and fluid discharge is the sum of discharge through the layers in the x- and z-
direction (Freeze and Cheery, 1979). In this case, Vx and Vz describe fluid flow for the 
system and are hence used to calculate water-rock ratios. Equation 4.1 thus describes 
the amount of fluid that passes through the control volume as a function of porosity 
and time and wr(n-l) accounts for the cumulative water-rock ratio by adding computed 
water-rock ratios from the previous time step (n-l). 
The concept of fluid-rock ratios was a seminal development because it allows 
the identification of rocks that have been infiltrated by reactive fluids (fluid-rock 
ratios significantly greater than porosity; e.g. > 0.1) and to distinguish them from 
rocks with little water-rock interaction ('unaltered', values near zero), while 
providing a meaningful measure of the relative amounts of fluid involved 
(Baumgartner and Ferry, 1991). Water-rock ratios also allow the determination of the 
relative degree of alteration and by analogy the preferred fluid flow pathways. This 
has been demonstrated by Schardt et al. (2001), where geochemical modeling was 
used to predict the mineralogy of the hydrothermal alteration assemblages in the 
footwall pipe of the Hellyer VHMS deposit. Results showed that the distribution and 
relative amounts of predicted alteration assemblages are primarily a function of 
temperature, pH, and redox state of the hydrothermal fluid. Results from this study 
enabled the prediction of the distinct alteration zones (siliceous core, chlorite zone, 
sericite zone) in the alteration pipe by a combination of water-rock interaction and 
cooling, which was calculated using the amount of fluid that passed through specific 
rock portions in combination with changes in the chemistry of the fluid and the rock. 
Two main types ofwater-rock ratios are used to describe the reactions between water 
and rock: the mass (or effective) water-rock ratio and the chemical water-rock ratio 
(Alt-Epping and Smith, 2001). Water-rock ratios are well established through 
laboratory experiments and defme the mass ratio of the fluid phase to the solid phase, 
i.e. the mass or volume of fluid that has passed through a control volume of rock. In 
a closed system, this can be expressed as: 
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w-r ratio = (mass of fluid phase in contact with rock)/ 
(mass of rock in that volume) 
and is termed effective or also physical w-r ratio (Fisher, 1998; Alt-Epping and 
Smith, 2001) and represents the water-rock ratio at a particular point in time. The 
chemical water-rock ratio is defined by Alt-Epping and Smith (2001) as the 
relationship between the species concentration gradient along a flow path and the 
average mass loss or gain in the solid phase with respect to this species, i.e. the 
exchange of mass between the rock and the fluid as the fluid is in contact with the 
rock. This calculation can be based on isotope systematics, chemical species leached 
into the fluid or secondary minerals, as well as reaction progress (Alt-Epping and 
Smith, 2001). Although the numerical models in this study do not integrate chemistry 
into the numerical simulations, a number of shortcomings seem to favour the simple 
mass or effective water-rock ratio for a general description of alteration and 
associated fluid flow. Calculations of chemical water-rock ratios generally assume: 
(1) the initial compositions of both unaltered rock and circulating fluid, (2) a rapid 
exchange between liquid and solid phase (Fisher, 1998), and (3) the fluid is close to 
compositional equilibrium with the mineral assemblage (Evans and Bickle, 1999). 
Chemical fluid-rock ratios also contain no information about the direction of flow in 
natural systems, because they are based on mass-balance relationships (Baumgartner 
and Ferry, 1991). 
Mass water-rock ratios are calculated by the total amount of fluid that flows 
through a defmed volume of rock. In estimating the degree of alteration it is assumed 
that there is a positive relationships between water-rock ratios and intensity of 
mineralogical alteration in the rock, independent of chemical constrains of the fluid 
or the rock. For this study, mass water-rock ratios are herein referred to as 
cumulative water-rock ratios and represent an integrated measure of how much fluid 
has passed through a defmed volume of rock. The general extent of alteration can 
then be evaluated by assigning highest water-rock ratios to zones of most intense 
alteration. It is accepted that this is only a first approximation of alteration intensity, 
as other factors such as pH, temperature and chemistry of the fluid will also influence 
the intensity of mineralogical alteration. 
-------------------------------
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For initial simulations, water-rock ratios are generally low except within fault 4 and 
the largest convection cells. Simulations were terminated when no further significant 
changes in heat and fluid flow occurred, usually after 500,000 years. 
4.3.2. Sensitivity analysis 
A sensitivity analysis was designed to investigate the influence of rock properties 
(permeability, thermal conductivity, porosity), fault properties (permeability, extent, 
distribution) and topography on heat and fluid flow, fluid velocity, discharge 
temperatures, and alteration zonation (see table 4.2). 
Table 4.2 Range ofphysical rock property values used for the simple Lau basin model 
Rock unit Permeability Porosity Thermal conductivity variation 
variation (m2) variation (%) (W/m*C) 
Sediments 5xlO-l~  1 2 
Breccia zone 2.5xlO-J ' - 2.5xlO-u 1-20 1.2 - 3.7 
Andesite 2.5x10-lo - 2.5xlO-l~ 1-20 1.2 - 3.2 
Sheeted dikes 1xlO-u 2 2 
Gabbro 1xlO-l~  1 2 
Faults 2.5xlO-u - 2.5x10-JO 30 2.5 
Note: No permeability changes have been made to sheeted dikes and gabbro due to their assumed 'impermeable' nature. 
The previous simulation results indicated that rock permeability is too low to allow 
significant lateral fluid flow and associated heat transport. Therefore, simulations 
were run with anisotropic rock permeabilities for the breccia zone and the andesitic 
layer, where horizontal permeability is larger than vertical permeability ([(horizontal = X 
* Kvertical). Calculations showed that the best results are achieved when ~orizontal  = 
100 * Kvertical resulting in significant lateral fluid flow and the development of large-
scale convection cells. Rock permeability anisotropy has been shown to facilitate 
horizontal fluid flow and velocity in seafloor hydrothermal systems (e.g. Rosenberg 
et aI., 1993; Dickson et aI., 1995). Fisher and Becker (1995) also pointed out that 
seafloor heat flow measurements require an anisotropic permeability structure to 
facilitate sufficient lateral heat transport in order to match observations. Note that not 
all results from numerical simulations are shown here; additional results can be 
found in the appendix section (appendices A 1 to A 10). 
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4.3.2.1. Rockproperties 
While permeability is the main influence on fluid movement in any medium, it is 
often difficult to apply meaningful values for various rock types due to a lack of 
available data, the enormous time spans that apply to the hydrothermal system, and 
processes that influence rocks permeability such as metamorphism, diagenesis, or 
alteration. The overall permeability of a rock unit is determined by its state of 
alteration, diagenesis, degree of deformation, and accompanying metamorphism. 
Besides hydraulic conductivity, thermal conductivity and porosity may also be 
potential factors influencing heat and fluid flow, especially in areas where there is 
reduced fluid flow and heat is transferred by conduction preferentially. 
4.3 .2.1.1. The effect of rock permeability 
The influence of varying rock permeability on fluid discharge behaviour and 
alteration patterns has been tested by considering three scenarios representative of 
low, average, and high rock permeability. The sensitivity analysis of rock properties 
has been conducted with all 7 faults in place to clearly demonstrate the behaviour of 
the model with changing rock properties. A separate sensitivity analysis of fault 
permeability will be conducted in a later section. In general, simulations predict fluid 
discharge mainly through outer faults and recharge via the inner faults in the 
topographic depression (fig. 4.7). The middle fault (fault 4) shows fluid discharge 
only at ·lower rock permeabilities and turns into a recharge zone at high rock 
permeability (see table 4.3 and figure 4.8). The convection system is generally 
controlled by buoyancy-driven fluid flow in the axial part, as well as basement highs 
away from the centre of the section. The combination of these two factors causes 
major fluid flow up the outer faults and turns the inner faults into recharge zones. 
Low rock permeabilities encourage high temperature discharge (400°C -
450°C) at elevated topographic positions (fig. 4.9). An increase in rock permeability 
causes discharge temperatures to drop between 15°C and 70°C. The onset of 
hydrothermal fluid discharge shifts to an earlier point in the simulation process (e.g. 
7,000 to 700 years in fault 6; figure 4.9 d) as rock permeability increase causes fluid 
velocity to increase. 
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Figure 4.7 A) Model geology, B) heat distribution, and C) fluid flow after 50,000 years and D) 
cumulative water-rock ratios at the end of the simulations (500,000 yrs) for average conditions (average 
rock and fault penneabilities) in the Lau basin. Main fluid recharge occurs through fault 2, 3, 5, and 6 in 
the topographic depression. The outennost faults 1 and 7 experience significant fluid discharge, while 
fault 4 is only active at lower rock penneabilities (see also figure 4.8). Cumulative water-rock ratios 
suggest most intense fluid flow within and around faults as wel\ as within the breccia zone and sheeted 
dike layer. D - fluid discharge; R - fluid recharge 
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Figure4.8 Temperature distribution for simulations with different rock permeability setups after 
40,000 years: A) low rock permeability, B) average rock permeability, and C) high rock permeability. At 
low and average rock permeability fault 4 is a fluid discharge zone but turns into a region offluid recharge 
at high rock permeability. 
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Table 4.3 Comparison of numerical results from rock permeability analysis of the simple Lau basin model showing recharge and discharge 
faults, discharge temperatures, discharge fluid velocity, and discharge duration 
Rock permeability Fault permeability Discharge Recharge Discharge Discharge velocity (m/s) Venting Water-rock ratio distribution 
(m2) (m2) faults faults duration (years)' (max/average)2 temperatures (DC) 
high within faults; low 1 498100* 2.2x1 0- 1/9.1x1 O-~ 150-450 
elsewhere 
Low rock 23 25000 3.5x10-7/l.9x10-7 150-400Breccia zone 1.3x10-17 
permeability 2.5x10-14 4 3,5 496400* 3.8x10-7/l.3x1 0-7 150-450Andesite 10-18 
63 24100 3.8x1 0-7/l.8x 10-7 150-400 
7 498100* 1.8x1 0-7/7.5x1 0-8 150-400 
1 498100* 2.5xlO-'1/9.9x1 O-~ 150-400 high within faults; low 
elsewhereBrecciazone 1.3x10-16 
Average 23 15000 4.8xlO-7/2.7x10-7 150-400 
rock Andesite 10-17 2.5x10- 14 4 3,5 486000* 6.6xlO-7/9.1x10-8 150-350 
permeability 
63 15000 4.6x10-7/2.7x10-7 150-350 
7 498100* 1.8x1 0-7/7.6x 10-8 150-400 
high within faults; elevated in 1 434700 8.9x1 0- I /2.9x10-1 150-300
High rock andesi te and breccia zone Breccia zone 1.3-IS 
permeability 23 10600 1xlO-6/6.8x10-7 150-400 
Andesite 10-16 2.5x10-14 63 3,4,5 15500 9.6xlO-7/6.5x10-7 150-350 
7 399700 5.7x10-7/2.2x10-7 150-400 
, . 
Note: Rock penneablhty values for sedunents, sheeted dike complex and layered gabbro were kept constant (refer to table 4.1) 
Defined here as fluid discharge having temperatures? ISO DC 
Average calculated from maximum and minimum recorded fluid velocity values for discharge temperatures? ISO DC 
Fault turns from initial discharge into recharge fault 
Discharge duration limited by tennination of simulations after 500,000 years, 
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Figure 4.9 Fluid exit temperature evolution as a function of rock permeability. Apart from a 
decrease in discharge temperature with increasing rock permeability, the relative onset of significant 
hydrothermal fluid discharge (T > I50°C) also shifts and is predicted to occur earlier (lOO - 200 yrs) 
compared to lower rock permeabilities (~  1,000 ysr). The outer faults of the system (fault 1 and 7) 
record the longest duration of high-temperature fluid discharge. Fault 3 and 5 are recharge zones and 
are not shown here. low rock permeability = 1.3xlO-17 m2 , average rock permeability = 1.3xlO-'6 m2 , 
high rock permeability = 1.3x 10- 15 m2 (Breccia zone); for a complete list of all figures and associated 
rock properties and fault permeability values, see appendix All. 
The relative duration of high-temperature fluid discharge is comparable for low to 
average permeability, but under high rock permeability conditions, discharge 
temperatures decline earlier and the overall discharge duration can be shorter (see 
table 4.3 and figure 4.9). The reason for this lies in the increase in fluid discharge 
velocities, which cause a more efficient cooling of the heat source and shorten the 
life span of the hydrothermal system. Figure 4.10 shows results from figure 4.9 on a 
linear scale to demonstrate that simulation results plotted on a linear scale are unable 
to show important aspects of the simulation process, especially in the early stages of 
the simulation. 
55 
Chaoter4 The Lau basin model 
Fault 1 Fault 2 
§:5QO §:5QO 
~ ~ ~ -=400 -=400--Iow rockl! l! 
--average&300 &300 
E ••••• 'high rock --average$200 ;,-....\.... .r....,..... ~_ ._a ••••• 'high rock_ • _ • _ • _ • _ • _ • _ ••
" !i 100 ......,~/	 fl'"r~1OO~V:..s:; _._._._._., .c 
c is 0 , ~ 0 +I--~--~--~--,---~ o 10ססoo 200000 30ססoo 400000 500000 o 10ססoo  20ססoo 300000 400000 500000 
Discharge duration (years) Discharge dwallon (years) 
Fault 4 Fault 6 
§:§:5QO ~ 400
::I . 
--Iow rock
" ~400 	 e 
e & 300 --average 
--Iowrock E&300 $ •••• "high rock E 
--average 200 
$200 ~ 
- - - - •. high rock ~ ~ 100la 100 
'li
.. 
a o+I-~------,-------,-------,--~is 
10ססoo 200000 300000 400000 500000 o 10ססoo 200000 300000 400000 500000 
Discharge duration (years) Discharge duration (years) 
Fault 7 
§:5QO 
~ 
.a 400 
I! 
. 
--Iow rock 
E 
--average
$200 
••••• 'high rock 
&300 f---,....,\;......_....._._. -. _. __.
" ~ 100 
'li5 0 +I--~-~--~--~-~  
o 1ססoo0 20ססoo 300000 400000 500000 
Discharge dural/on (years) 
Figure 4.10 Fluid exit temperature evolution as a function of rock permeability as shown in 
figure 4.9 but on a linear scale. A comparison with figure 4.8 clearly shows that results plotted on a 
logarithmic scale show much more detail about hydrothermal activity, especially in the early stage of 
the simulations and are therefore much better to interpret. All following results are plotted on a 
logarithmic scale to enable comparison but it is important to remember that discharge duration is 
plotted on a logarithmic scale and must be taken into account when considering discharge times. 
Although caution must be exercised when interpreting discharge duration on a 
logarithmic scale, this method is preferable because is highlights changes in 
discharge temperatures and fluid velocities in the first 10,000 years. 
Fluid velocities also increase as rock permeability increases, circulating more 
water per unit time through the model section. Average fluid discharge velocities of 
about lxlO-7 rnls rise to about 6xlO-7 rnls at elevated permeabilities at the expense of 
fault 4, which turns into a recharge fault (table 4.3). Figure 4.11 illustrates the 
development of fluid velocities for individual faults and clearly shows the rise III 
fluid velocity as a function of rock permeability. 
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Figure 4.11 Fluid discharge velocity patterns as a function of rock permeability show a 
significant increase in fluid velocity as rock permeability increases. Note that fault 4 becomes a 
recharge zone at high permeabilities, enabling a significant rise of fluid velocity in other faults. low 
rock permeability = 1.3xlO-17 m2, average rock permeability = 1.3xlO-16 m2, high rock permeability = 
1.3xlO-15 m2 (Breccia zone), 
The data in figure 4.11 also indicate that although the outermost faults exhibit a 
general increase in fluid flow intensity, faults 2 and 6 actually record less total fluid 
flux because, at higher rock permeability, discharge duration decreases. Calculated 
water-rock ratios show a similar distribution under most conditions, except for high 
rock permeability, where elevated water-rock ratios within the andesite and breccia 
zone indicate intensified fluid flux. Overall, results illustrate that with increasing 
rock permeability, fluid velocities increase but discharge temperatures decline. 
Significant fluid discharge (T 2: 150°C) under these conditions lasts between 10,000 
to about 25,000 years for the inner faults (faults 3, 4, and 5), while the outermost 
faults (faults I and 7) exhibit hydrothermal activity for much longer. Water-rock 
ratios show highest water-rock interaction occurring in and around faults and in the 
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most permeable layer, the breccia zone. These would be expected to represent the 
zones of intense hydrothermal alteration. Significant fluid flow is also observed 
within the sheeted dike layer and to a lesser degree in the andesite unit (fig. 4.7). 
Most simulations were terminated after 500,000 years, but as table 4.3 shows, 
fluid discharge duration for the outermost faults is constrained by the end of the 
simulations. This has been done to account for a 'boundary effect', where fluids 
circulate against the impermeable side boundaries and are eventually redirected to 
the outermost faults 1 and 7. Although the model section has been designed to avoid 
this boundary effect (i.e. faults are removed at least 10 km from boundaries) the 
problem is still observed. To illustrate certain results of the modeling such as the 
development of water-rock ratios over time, some simulations were also run for 1 
million years. 
4.3.2.1.2. Porosity 
Porosity and permeability usually exhibit a positive correlation in many porous and 
fractured media. However, especially in volcanic rocks, this is not always the case 
and the correlation can be negative in some cases (Ingebritsen and Sanford, 1998). 
Porosity changes in volcanic rocks can occur due to processes like diagenesis 
(compaction) and weathering (dissolution of volcanic glass and precipitation of 
secondary minerals). To investigate how changes in porosity may influence heat and 
fluid flow, simulations have been run with either minimal or maximal porosity values 
relative to average data for the volcanic packages (Table 4.2). 
Simulation results for part of the system (fault 1) are shown in figure 4.12; 
appendix A 11 lists rock and fault properties for all summary graphs. Generally, no 
significant changes have been observed for either heat distribution, fluid flow or 
water-rock ratios of the system except for fault 4, which at low porosity does not 
exhibit any fluid discharge. Since this deviation is a local phenomenon restricted to 
fault 4, it is concluded that porosity does not influence overall temperature 
distribution, convection pattern, or the onset of fluid discharge. However, this does 
not preclude that porosity may influence heat and fluid flow in other settings. A 
different, more detailed numerical model may display more pronounced differences 
in the overall behaviour; this will be tested in a later numerical model of the 
Panorama district in chapter 5. 
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Figure 4.12 Temperature and fluid velocity patterns of fault I at different porosity. No 
significant changes are observed over the porosity range considered here (1-20 %). Other faults show 
similar results except fault 4, which at low porosity does not exhibit fluid discharge (not shown here). 
[average rock permeability = 1.3xlO-16 m2 - Breccia zone; 10-17 m2 - Andesite] 
4.3.2.1.3. Thermal conductivity 
The range of thermal conductivities for upper crustal rock varies by less than a factor 
of five compared to 16 orders of magnitude for hydraulic conductivity (Ingebritsen 
and Sanford, 1998); therefore, variations of thermal conductivity are comparably 
small (see table 4.2). Possible influences are to be expected in areas where heat is 
transmitted primarily by conduction rather than convection, i.e. away from faults; 
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this influence may also vary as a function of the size and geometry of the numerical 
model. Xu and Lowell (1977) for example reported that even though temperature and 
flow rates decrease, conductive heat flow within large areas can remain high for a 
long time. Viloria and Farouq Ali (1968) showed changes in thermal conductivity 
with changing temperature, density, fluid velocity, and pressure. The thermal 
conductivity of rocks is determined by their porosity/density, mineralogy/rock type 
and water content as well as geological structures (Beck and Beck, 1965; Viloria and 
Farouq Ali, 1968; Lehmann et aI., 1998). 
Results for simulations involving different values for thermal conductivity are 
plotted in figure 4.13 and reveal very similar results. As for porosity variations, no 
significant changes occur within the system and thermal conductivity variations seem 
to have little influence; only fault 5 is predicted to experience short fluid discharge. 
The influence of thermal conductivity is likely to vary with the scale of the numerical 
model as well as the range and distribution of existing rock types and the distribution 
and orientation of fault structures. Thermal conductivity changes will also be re-
examined in the Panorama model, which will feature a more detailed stratigraphy 
and structure on a smaller scale. 
FaUt1 FaUt1 
_400 ~ 3.U&07 
~ 
CD 
'53lJE 
8-
E:m 
S 
CD 
--ION 
--~  
..••. 'lig, 
- 25.&07
€
.2 20,&07 
~  
:l;! 1,5.&07 
" 0: 
-kw
---••••• ,1i\I1 
Cl 
~  100 
"li 
~ 1,0,&07 
..
'5 5.Q600 
5 1=1000 1ססoo 1(OO)J oL:1~-~----=;-~~-1~ 100 .!!l Q 0,0,800 I 100 1000 1ססoo 10ססoo 1000ooo --
lJsdajJl<baia1 ~  ~cb'aIIon (ye;r.;) 
FUt5 FUt5 
e!3X) 
8-j2Xl 
CD 
§:400 
--ION 
-aver<g3 
·····,hi~  
! =1u o~ <E+OO
" ~ -'EJ7 10 
--ION 
--aver<g3 
·····,Ii~  
JWiJpro:iJ 1lXXlOO 
' 
., 
" ! \ 
. \ 
i ,.............. 
~ 
"li 
.!!! 
100 !!' ~ -4E{)7 
o 
Q ~ 
1lXXl 1ססoo 1lXXlOO 1000ooo Q .J:E{)7 
~_on{)<l!ols)~_on{)<l!ols) 
Figure 4.13 Fluid velocity and temperature behaviour as a function of thermal conductivity. No 
significant changes are observed except for fault 5, which shows a brief period of fluid discharge; 
other faults are not shown here since they do not show any significant changes. [average rock 
permeability = 1.3xlO-16 m2 - Breccia zone; 10-17 m2 - Andesite] 
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4.3.2.2 Faults 
The importance of synvolcanic faults, in facilitating fluid flow and heat exchange 
between the heat source and host rocks, to form characteristic alteration patterns and 
massive sulfide deposits has long been recognised. Focussed fluid flow along 
syngenetic growth faults is a major mechanism for the transport of hot, metal-laden 
fluid to the seafloor, as seen in the black and white smoker chimneys frequently 
encountered in submarine settings (e.g. Franklin et aL, 1981; Lydon, 1988; Stanton, 
1991; Large, 1992; Lydon, 1996; Curewitz and Karson, 1997). Although these 
features may not necessarily form economic massive sulfide ore bodies themselves 
they provide major fluid flow pathways that enable ore-forming fluids to ascend to 
subsurface regions, where changing conditions such as temperature and pH cause the 
precipitation of massive sulfides. To assess the influence of permeability, extent and 
distribution of faults on heat flux, fluid flow and hydrothermal circulation, a number 
of simulations have been performed to investigate each ofthese features separately. 
4.3.2.2.1. Fault distribution 
To determine how fault spacing, extension, and distribution affect fluid flow patterns 
and discharge activity, faults shown in figure 4.3 are successively activated ("turned 
on") with results listed in table 4.4. With three faults activated, a simple recharge -
discharge regime develops where fault 4 in the topographic depression acts as a 
recharge zone while the outer faults show fluid discharge with venting temperatures 
up to 400°C and fluid velocities of ~  2xlO-7 m/s (fig. 4.14 a). Discharge temperatures 
drop below 150°C after approximately 120,000 years and fluid velocities start to 
decline after about 10,000 years. The scenario including five faults differs insofar as 
the main fluid discharge switches to the outermost faults while faults 2 and 6 exhibit 
less overall fluid discharge (fig. 4.15). 
Simulations with all seven faults activated show additional fluid discharge 
from fault 4. This fault switches from initial recharge behaviour to fluid discharge 
after about 14,000 years, presumably when enough heat from the magma chamber is 
extracted to produce buoyant hydrothermal fluids. Fluid velocities are comparable 
for all faults but discharge temperatures are highest in the outermost discharge faults. 
Figure 4.15 also indicates that significant lateral fluid flow occurs in case b and c in 
the breccia zone and the sheeted dike-gabbro boundary. 
---------------------------------
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Figure 4.14 Temperature distribution for simulations with different fault setups: A) three faults, B) 
five faults, C) seven faults. In all cases, major fluid discharge occurs at elevated topographic positions as 
well as through fault 4 directly overlying the magma chamber, while fluid recharge is concentrated on the 
slopes of the depression. Note that results are plotted at different times to show the main fluid flow 
patterns as a function of fault setup; additional fluid discharge may occur elsewhere but is much less 
significant. 
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Figure 4.15 Fluid flow velocity and distribution patterns for different fault setups: A) three 
faults, B) five faults, C) seven faults. Major fluid flow occurs within the breccia zone as well as the 
sheeted dike - gabbro boundary due to the large permeability difference between the two units (one 
order of magnitude). Note that results are plotted at different times to show the main fluid flow 
patterns as a function of fault setup. 
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Table 4.4 Fault structure and permeability analysis ofthe simple Lau basin model. Results are sorted from simulations involving the middle fault (fault 4) to the successive 
inclusion ofall seven faults (see also figure 4.3). The central fault is a recharge zone for most ofthe simulations and only show fluid discharge once all faults are 
activated. 
4Faults 
Fault permeability (ml ) 2.5xI0-u to 
diffuse discharge on graben flank diffuse discharge on graben flank 2.5xI0-15 
Fluid movement recharge 
2 4 6Faults 
Fault permeability (m l ) 2.5xI0- ' 'l 2.5xI0- ' 'l 2.5xI0-14 
Fluid movement discharge recharge discharge 
Temperature (OCmaJ 400 400 
Fluid velocity (m/save) 1.8x10- t 1.9x10- t 
Water-rock ratios elevated elevated elevated 
Faults 1 2 4 6 7 
o14 o14 o14Fault permeability (m2) 2.5xlo 2.5xlO 2.5xI0- ' 'l 2.5xlO-14 2.5xlO
Fluid movement discharge discharge recharge discharge/ discharge 
/recharge recharge 
Temperature eCmax) 400 400 400 400 
Fluid velocity (m/save) 1.3xlO- t 1.6x10-t IxlO-t 9.5xIOo~
 
Water-rock ratios elevated elevated elevated elevated elevated 
Faults 1 2 3 4 5 6 7 
'lFault permeability (m l ) 2.5xlO-1 2.5xI0·1 'l 2.5xlO-1 'l 2.5xI0-14 2.5xlO-14 2.5xI0-14 2.5xI0·14 
Fluid movement discharge discharge recharge discharge recharge discharge/ discharge 
/recharge recharge 
Temperature (OCmax) 400 350 350 350 400 
Fluid velocity (m/save) 1.3xlO-t 2.8xI0-t 1.2xI0-' 2.8xI0- ' IxIO· ' 
Water-rock ratios elevated elevated elevated elevated elevated elevated elevated 
..  ,-,. 
-5 
- 7.Note. Dunng slmulations rock penneablhty remams constant (Breccla zone. Kx - 1.3xlO , Kz - 1.3xl0 , Andeslte. Kx - 10 , Kz = 10 , all other rock 
units see table 4.1) 
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2Although the andesite layer is slightly more permeable (2.5xlO-17 m ) than the 
2sheeted dikes complex (1xlO-17 m ), the much large permeability difference between 
2the sheeted dike layer and the underlying gabbro unit (1xl0-18 m ) cause fluids to 
migrate preferentially in the upper part of the sheeted dike complex. This finding is 
supported by other modeling studies, predicting fluid flow refraction between media 
of larger permeability differences and placing major fluid flow at the sheeted dike 
boundary (Sleep, 1991; Lowell and Burnell, 1991; Rosenberg et aI., 1993). Other 
work suggests that the base of the sheeted dikes represents a major chemical reaction 
zone requiring significant fluid flow and supports the penetration of large fluid fluxes 
to greater depth due to enhanced permeability within the sheeted dike layer 
(Richardson et aI., 1987; Varga et aI., 1999). In addition, Gillis (1995) points out that 
the transition zone between the sheeted dike layer and underlying plutonic sequences 
marks a temperature increase of up to 200°C over a short distance, making the 
gabbro unit essentially impermeable; this would also encourage fluid migration along 
the sheeted-dike/gabbro boundary. 
The distribution of water rock ratios shows elevated values around all faults 
indicating major fluid flow within and around active faults, while other areas show 
less intense fluid rock interaction (fig. 4.16). Although one would expect fault 4 to 
show more intense fluid flow since it is located right above the magma chamber, 
fluid flow is determined by buoyancy forces and the basement topography of the 
numerical model, which predicts main fluid discharge at topographic highs. 
These results suggest that in environments such as back-arc spreading 
centres, significant fluid discharge can be expected on the flanks of grabens or other 
tectonic highs such as horsts or fault scarps located on topographic highs. Examples 
are the top of the Valu Fa Ridge, which flanks the Lau basin (e.g. Fouquet et aI., 
1993; Herzig et aI., 1993; Herzig et al., 1998; see figure 4.1). This relationship has 
also been predicted by seafloor observations and theoretical calculations (Lowell, 
1980; Green et aI., 1981; Davis et al., 1989; Fisher et aI., 1994; Davis et aI., 1996). 
Overall the relationship between discharge zone and topographic highs depends on a 
number of other factors such as the location of the magma chamber relative to the 
plumbing system, the shape of the basement topography, fault permeability, and the 
sediment thickness. 
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Figure 4.16 Cwnulative water-rock ratios for different fault setup: A) 3 faults, B) 5 faults, C) 7 
faults; all figures show water rock ratios after 500,000 years. 
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4.3.2.2.2. Fault permeability 
Due to its importance on fluid flow, it is expected that fault permeability will 
determine discharge temperatures, fluid discharge velocities and consequently water-
rock ratios. Figure 4.17 shows discharge temperatures as a function of fault 
permeability and illustrates that increasing fault permeability for all faults together 
has a selective effect on discharge temperatures for individual faults. The outermost 
faults record similar discharge temperatures, while faults 2 and 6 show lower 
discharge temperatures for higher fault permeability and the axial fault (fault 4) 
records a temperature increase of about 30°C. Other faults previously acting as pure 
recharge areas (faults 3 and 5) also become zones of fluid discharge after about 
10,000 years due to the increase in permeability and a subsequent shift in buoyancy 
forces. This pattern is observed for the duration of the simulations, suggesting that 
these are actual changes and not temporary fluctuations. 
In general, elevated fault permeabilities shift fluid discharge patterns and turn 
faults 3 and 5 into fluid discharge zones rather than intensifying discharge 
temperatures in established discharge faults. Fluid velocities exhibit a significant 
increase for the outer faults (fig. 4.18) and a shift of hydrothermal heat and fluid flow 
is observed from regions surrounding the heat source to peripheral areas, pointing to 
a more effective heat removal and increased fluid mobility. This is also observed for 
fault 4, which, although showing higher discharge temperatures, has a much shorter 
venting duration at high fault permeabilities (fig. 4.19). 
At lower fault permeabilities, fluid discharge temperatures are generally 
highest but fluid discharge velocities are lowest due to the fact that low fault 
permeability restricts fluid migration. With less fluids transported up the faults, 
discharge temperatures rise, since the heat source is cooled less efficiently than in the 
case of high fault permeability (fig. 4.19). These results indicate that changing fault 
permeabilities alters the general hydrothermal convection scheme from a recharge-
dominated system (four recharge faults vs. three discharge faults) at average fault 
permeability to a discharge-dominated hydrothermal system (four discharge faults 
vs. three recharge faults) at high fault permeability. Water-rock ratios for simulations 
with different fault permeability show slightly different maximum values but the 
same distribution, i.e. highest ratios around faults and within the breccia zone. This is 
attributed to local fluid velocity and discharge duration differences in individual 
faults. 
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Figure 4.17 Fluid discharge temperatures and discharge duration as a function of fault 
permeability. Fault permeabilities have been changed for all faults together and permeability varies 
2 2from 2.5xlO-15 m to 2.5xIO-13 m • Fault 3 and 5 show fluid discharge only at high permeability, since 
lower permeabilities predict these faults as recharge zones (not shown). low fault permeability -
2 2 22.5xlO-15 m , average fault permeability - 2.5xlO-14 m , high fault permeability - 2.5xlO-13 m • 
Permeability changes for individual faults will be discussed in a subsequent section. 
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Figure 4.18 Fluid discharge velocities and discharge duration as a function of fault permeability. 
Significant increase in fluid velocity is predicted in fault 1, 3, 5, and 7 for high permeabilities; fault 2, 
4, and 6 show similar or lower values at higher fault permeability. low fault permeability - 2.5xlO-15 
2 2 2m , average fault permeability - 2.5xlO-14 m , high fault permeability - 2.5xlO-13 m • Permeability 
changes for individual faults will be discussed in a subsequent section. 
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Figure 4.19 Summary of fluid discharge temperatures, velocity, and discharge 
duration as a function of fault penneability. The end of discharge duration has been set to 
230,000 years for fault 1 and 7 due to the 'boundary effect' (see text for explanation), low 
penneability = 2.5xlO-15 m2, average penneability = 2.5xlO-14 m2, high penneability = 
2.5xlO-13 m2 
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It is also of interest in this regard to examine how heat and fluid flow behave when a 
single fault has a higher permeability compared to other faults. To test this, a 
simulation was run where fault 4 has been set to 5xlO-14 m2, while all other faults 
2retain a permeability of 2.5xlO-14 m • Results for this scenario are interesting since 
they indicate an unexpected change in the hydrothermal convection scheme (fig. 
4.20). While outer faults show no noticeable changes, faults 3 and 5 switch from 
recharge to discharge and fault 4 becomes a recharge zone. One would expect that 
fluid discharge for fault 4 would increase due to increased permeability allowing 
increased fluid discharge. An explanation for this behaviour may be that in this 
model an initial higher permeability in fault 4 encourages and maintains additional 
fluid recharge and thus prevents the switch from recharge to discharge. This in turn 
causes faults 3 and 5 to respond accordingly and switch to discharge, since fault 4 
remained a fluid recharge zone. To test whether this is a special case, and applies 
only to fault 4 due to its location, fault 3 was assigned a higher permeability (5xlO-14 
m2) since it is judged unlikely that the outer faults would be greatly affected. Figure 
4.21 shows that a higher permeability for fault 3 does not have a significant effect on 
either faults 3 and 5 (recharge zones) or fault 4 (discharge fault). Instead of 
promoting fluid discharge through fault 3, hydrothermal convection patterns remains 
the same; fault 3 remains a recharge fault and the initial recharge-discharge pattern is 
maintained. This behaviour is attributed to the basement topography, which forces 
fluid recharge through faults 3 and 5, independent of permeability changes within the 
range investigated here or the proximity of the heat source. The apparent influence of 
basement topography on hydrothermal fluid circulation will be investigates later in 
this chapter. 
From these results, the limit of fluid discharge duration relevant for all mass 
calculations has been adjusted to 230,000 years due to the aforementioned 'boundary 
effect' where heat and fluid circulation rebounds from impermeable side boundaries 
and causes a late rise in discharge temperatures; this however does not influence the 
observations described above. 
____________________ ! 71 
Chavter4 The Lau basin model 
Fa u It 3 
5.0E-07 
4.0E-07 
.!!! §. 3.0E-07 
--average 
-elevated 
~ 
'u 2.0E-07 
0 
G 
> 
1.0 E-07 
:E 0.0 E + 0 0 
:::I 
;;::: 0000 1000000 
Gl 
El 
ca -2.0E-07 
.c 
u 
<Il 
0 -3.0E-07 
-4.0E-07 
-5.0E-07 
Discharge duration (years) 
F au It 4 
B.OE-07 
--average 
! -elevated6.0E-07 
4.0E-07~  
u 
0 2.0E-07 
> 
"iii 
:g O.OE+OO 
~  
l;: 1000 1000000 Gl _2.0E_07 1OO 
e> 
III
..c: 
-4.0E-07u 
.!!l Q 
-6.0E-07 
-B.OE-07 
Discharge duration (years) 
Fa u It 5 
5.0 E-07 
--average
4.0E-07 
-elevated! 3.0 E-07 
~  2.0 E-07 
~ 1.0E-07 ~ 
'C O.OE+OO
'S 
l;: 
Gl -1.0E-071 1000000 
e> 
-2.0 E-07
.! 
.!!l
u 
-3.0E-07 Q 
-4.0E-07 
-5.0 E-07 
Discharge duration (years) 
Figure 4.20 Fluid velocities and discharge behaviour for hi?her initial permeability of fault 4 
2 2(5xlO-14 m ); all other faults have average permeability (2.5xlO-1 m ). A distinct shift of discharge 
and recharge is predicted to occur after - 10,000 years, which is probably due to the fixation of fault 4 
as a recharge fault and the consequent fluid discharge through neighboring faults. 
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Figure 4.21 Fluid discharge velocity for higher initial permeability of fault 3 (5xlO-14 m ); all 
2
other faults retain average permeability (2.5xlO-14 m ). No shift in discharge or recharge behavior 
occurs as observed in fig. 4.18, which indicates that fault 3 and 5 are favored as zones of fluid 
recharge due to the nature of the basement topography. 
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4.3.2.2.3. Fault extent 
Another potential influence on the heat extraction and fluid discharge is the extent of 
faults. This aspect has been investigated by first extending fault 3 to the top of the 
magma chamber (see figure 4.3 for comparison). 
Results in figure 4.22 reveal no significant change in the behaviour of fault 3, 
I.e. fault 3 remains a recharge fault, despite being in close contact with the heat 
source. All other faults show similar results except for fault 4, which exhibits a slight 
increase in discharge fluid velocity (fig. 4.22). 
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Figure 4.22 Discharge behaviour of fault 3 and 4 when fault 3 is extended to the top of the 
magma chamber. Fault 3 remains a recharge fault, but with higher recharge fluid velocities, whereas 
fault 4 remains a discharge fault. Discharge temperatures were unaffected (not shown here). 
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Figure 4.23 Discharge fluid temperatures and fluid velocity of fault 7 extended to the top of the 
layered gabbros. While no temperature rise is observed, fluid velocity increases up to 20 percent at 
some stage. 
It is interesting to note that the established hydrothennal circulation scheme is not 
altered with an extension of fault 3 to the top of the magma chamber. Proximal 
discharge faults (fault 4) show no temperature increase, but maximum fluid velocity 
rises by about 35 percent on average. Another simulation modeled heat and fluid 
flow with both fault 3 and 7 extending to the top of the magma chamber and the top 
of the layered gabbro respectively (see figure 4.3). Results are similar to those of 
figure 4.22 for fault 3; the temperature profile of fault 7 is essentially unchanged but 
fluid discharge velocity increases by 5 to 20 percent (fig. 4.23). These findings 
indicate that the extension of faults does not seem to affect hydrothennal convection 
patterns or discharge temperatures, even if the extended faults are located near the 
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heat source. Fluid discharge velocities however can increase by up to 35 percent for 
venting faults close to the heat source and up to 20 percent for off-axis faults. These 
results are different to those obtained by Yang et al. (2001) and Large et al. (2002), 
who found that fault depth controls the fluid flow patterns in sedimentary basins and 
that deeply penetrating faults always act as major discharge faults in these 
environments. The disagreement between these findings and results from this study 
is explained by a) a significantly larger basement topography and b) a much higher 
geothermal gradient compared to sedimentary basins. Hydrothermal systems, which 
are controlled primarily by basement topography and a strong geothermal gradient, 
are likely to develop a robust recharge-discharge regime that is controlled by 
permeability or model geometry changes but not necessarily by fault extent. Instead, 
it is reasonable to assume that changes in fluid temperatures and velocities probably 
depend on the proximity of faults to the heat source and the vigour of hydrothermal 
convection. 
4.3.2.3. Topographic influence 
The influence of surface topography on fluid flow and fluid velocity has been well 
recognised in the literature dealing with sedimentary basins and topographically 
forced fluid flow (e.g. Garven and Freeze, 1984a,b; Garven, 1985; Bethke, 1986; 
Garven et aI., 1993; Chi and Savard, 1998). Topography and resulting differences in 
hydraulic head directly govern the velocity and pathways of migrating fluids 
depending on the intrinsic rock permeability. For submarine settings, topography­
driven fluid flow is expected to be insignificant, since the overlying water mass 
constitutes a horizontal water table. 
Lister (1974) first pointed out the connection between topography and 
seafloor convection and Lowell (1980) summarised the basic effect of topography for 
convection in oceanic crust. With little or no sedimentary cover, fluids descend at 
topographic lows and ascend at topographic highs due to the horizontal temperature 
gradients and resulting buoyancy-driven fluid flow. In environments with major 
sediment cover, the pattern is reversed because the low thermal conductivity of the 
sedimentary layer causes the highest temperatures to develop at the sediment-crust 
interface and fluids therefore ascend at regions of low elevation and descends at 
regions of high elevation. Similar findings have been reported in theoretical 
calculations and seafloor observations by other research (e.g. Green et aI., 1981; 
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Davis et aI., 1989; Fisher et aL, 1994; Davis et aI., 1996). Basement relief has also 
been found to influence patterns of circulation and fluid flow in a similar manner 
(Fisher and Becker, 1995; Wang et aL, 1997). While Hartline and Lister (1981) 
stated that topography does not seem to control convection patterns under most 
circumstances, it does enable topographic forcing of hydrothermal fluid circulation. 
Recent investigations by Yang (2002) conclude that basement relief becomes only 
important when no faults are present. Since the topography and sediment cover on 
the seafloor is irregular and faults are incorporated in this model, results will not be 
directly comparable to fmdings from earlier theoretical studies and measurements on 
the seafloor. However, it should be possible to judge the general influence and 
significance of surface topography and basement topography on hydrothermal fluid 
flow patterns. 
4.3.2.3.1. Surface topography 
To test the influence of surface topographic relief, the numerical model section has 
been changed to a topographic relief of 1,000 m by increasing the thickness of the 
sheeted dike complex and all overlying stratigraphy accordingly to 'raise' the 
topographic depression by 1,000 m (see figure 4.24). Numerical simulation results 
are shown in figure 4.25 and 4.26 and indicate that surface topography has little 
overall influence on fluid flow for outer faults but does influence faults surrounding 
the magma chamber. 
Faults 3 and 5 generally show increased discharge temperatures while fault 4 
exhibits lower temperatures compared to the original topography modeL Figure 4.26 
shows that fault 5 has now become a significant discharge fault with fault 3 showing 
little fluid discharge at low temperature. Fault 4 on the other hand exhibits 
significantly shorter fluid discharge duration and has essentially become a recharge 
zone. These findings imply that the change in topographic relief and subsequent 
modifications in the structure of the modelled to increased activity of faults 3 and 5 
while hydrothermal output of fault 4 becomes insignificant. The apparent shift in 
hydrothermal fluid flow from fault 4 to fault 5 is explained by a change in the 
thickness of individual stratigraphic layers (20 % to 50 % increase in thickness 
between fault 3 and fault 5). 
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Figure 4.24 Numerical grid of the simple Lau basin model with modified surface topography. 
The topographic relief has been adjusted to 1,000 m by increasing the thickness of the andesite and 
sheeted dike layer to raise the axial depression. 
This additional space causes circulating fluids to form larger convection cells 
between faults 3 and 5, which eventually forces fluid flow up fault 5. In the original 
model four emerging convection cells between faults 3 and 5 collapse to form two 
larger convection cells and produce fluid discharge through fault 4 (fig. 4.27). The 
modified topography model apparently converts from a four cell to a three cell 
system, where two convection cells operate between faults 3 and 4 and one between 
faults 5 and 6 with additional fluid flow from fault 4. This temporary system 
eventually evolves into an essential one-cell system with recharge through fault 4 
and discharge at fault 5 (see figure 4.27). Once fluid discharge through fault 5 is 
established, fluids from neighbouring areas are drawn preferentially to fault 5 (fig. 
4.28). Some fluid discharge is also observed for fault 4, but hydrothermal activity is 
significantly reduced (compare with figure 4.26). It is important to point out, that the 
observed changes described above are due to a change in the subsurface stratigraphy 
necessitated by the change in surface topography. Based on this study, surface 
topography itself is considered to have little influence on heat and fluid flow in 
submarine settings. 
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Figure 4.25 Fluid discharge temperatures as a function of discharge duration for modified 
surface topography. Compared to the original topography fault 3, 4, and 5 show an increase in 
discharge temperature while the outer faults remain unaffected. 
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Figure 4.26 Fluid velocity development as a function of discharge duration for the modified 
surface topography model. Notice that fault 5 has turned from a recharge fault into a discharge fault 
while fault 4 turns essentially into a recharge zone. 
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Figure 4.27 Comparison of fluid flow patterns between the original and the 'reduced' 
topography model. Figure A and B show fluid flow vectors at 5,000 years for the reduced and the 
original model respectively indicating no significant difference. Figure C and D show fluid flow after 
6,500 years. The reduced model (C) shows two convection cells between fault 3 and 4 but one cell 
discharging through fault 5, while the original model (D) shows two convection cells discharging 
through fault 4. 
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Figure 4.28 Temperature distribution for different surface topography settings after 30,000 
years. A) shows significant fluid temperatures in fault 4 as well as fault I and 7 for initial topography. 
The 'reduced' topography model (B) differs in that elevated temperatures occur in fault 5 due to the 
change in the dimensions of evolving convection cells (see text for explanation). Some discharge also 
occurs through fault 4, but is short-lived. 
4.3.2.3.2. Basement topography 
As mentioned earlier, basement topography has been found to influence fluid flow in 
seafloor hydrothermal systems to various degrees. To investigate the influence of 
basement topography on hydrothermal circulation in the Lau basin model, basement 
topography has been altered according to figure 4.29. These changes in the structure 
of the basement result in higher discharge temperatures and discharge duration for 
most discharge faults, especially after about 100,000 years (fig. 4.30). 
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Figure 4.29 Numerical solution domain of the simple Lau basin model with modified basement 
topography (top). Topographic relief is kept at 1000 m, The layered gabbros have been flattened and the 
sheeted dike complex enlarged; figure 4.21 (bottom) is shown here for comparison. 
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Figure 4.30 Temperature profiles for the Lau basin model with modified basement topography. 
Discharge temperatures are either similar or higher compared to the original basement model, with 
fault 4 showing the most significant temperature rise. 
Fluid velocities also show a marginal change (fig. 4.31) and, in addition, they 
indicate that fault 4 becomes a significant discharge region again at the expense of 
faults 3 and 5.The general increase in hydrothermal activity is facilitated by the 
increase in thickness of the andesite and sheeted dike layer, which enables 
hydrothermal fluids to penetrate deeper into the system and extract more heat, 
especially after about 100,000 years (see figure 4.31). 
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Figure 4.31 Fluid velocity behaviour for the modified basement model. The general fluid 
circulation regime remains but patterns are shifted due to the later onset of hydrothermal fluid flow. 
The most obvious example is fault 4, where significant fluid discharge sets in after - 50,000 years 
compared to - 10,000 years for the original model. This increase in hydrothermal activity occurs at 
the expense of fault 3 and 5, which turn into recharge zones. 
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This is illustrated in figure 4.32, where in the modified basement model, fluid 
recharge and fluid migration penetrate deeper into the system than in the original 
model. This enables a more efficient removal of heat from the basement and results 
in higher discharge temperatures and fluid velocities, especially for the outermost 
faults (fault 1 and 7; see also figures 4.30 and 4.31). 
The shift back to increased hydrothermal activity for fault 4 as observed for the 
original model (compare with figure 4.27 d) is also associated with changes in the 
geometry of the basement topography. The axial heat source is now much more 
exposed to hydrothermal fluid circulation, producing an increase in hydrothermal 
activity for fault 4 with neighbouring faults turning into recharge zones feeding fault 
4 directly (fig. 4.32). The increase in heat and fluid flow is also reflected in the 
maximum water-rock ratios which reach values of around 960 for the modified 
basement model compared to ~ 350 for simulations with original topographic 
configuration. The water-rock ratio distribution however remains unchanged: highest 
values in and around fault areas with areas of less intense water-rock interaction 
within the most permeable rock units and lowest values in regions of low 
permeability. 
Results presented here are in apparent contrast to findings of Yang (2002) 
who predicted no influence ofbasement relief in the presence of faults. This is likely 
due to differences in the geometry and initial basement topography of both models. 
While Yang's model exhibits a uniform geometry that is equally related to each fault 
in terms of heat flow, the Lau basin model features a central magma chamber and 
therefore faults will be influenced in different ways according to their distance from 
the magma chamber. Overall, changes in the subsurface geometry of seafloor 
hydrothermal systems are predicted to exert an important influence on the intensity 
and location of hydrothermal fluid discharge. 
86 
--
Chaoter4 The Lau basin model 
hull I Fault 7 
350'C Faull5 350'C7000 
6000 
5000 
:[ 4000 
c 
.0 
~  3000 ~  
2000 
1000 
00 10000 20000 30000 40000 50000 60000 
Horizontal oxtont (m)A Original model 
Fault I Fault 7 
400'C 350'C 
1000 
6000 
5000 
:[ 4000
 
.!i
 
! 3000 
W 
2000 
1000 
00 10000 20000 30000 40000 50000 60000 
Hor1z.onbl oxtont (m)B Modified model 
9000 
~I 2 6 7 8000 
3 4 5 
7000 
, , 
6000 
j ~ 1E 
5000 ' , 
<, I I
, r 
~ 74000! -i 
w 
3000 
2000 
"'" 
1000 
00 10000 20000 30000 40000 50000 60000 
Horiz.onbl oxtent (rn)C Original model 
9000
 
I 2 6 7
 
8000 ~  It 3 4 5
 
7000

f I ' ~~, - - . . .'., - - A 1 ~ I I ~:[ SOOO"~ ~~ --t. \-. I .,_- ~'''I'.  ~"  ,
 
.§
 -r T "t-~l r'·r . '1 { 
~ ~:~ ;1. ~~~V ;,', .. _~ .. ,' "I~d ~,.~:~;I ;', 
~ 4000 ::: ~ ~  i ~~ 1j ~  i\'I',', t", \." ~]" ,i' ii~~d~ ~ r ; ~ : : ~ }\ "r\\~  /'I'.l 11.1, \\\t /1 \ .•~\\.. \\ ;./1" '1 
3000 
2000 
1000 
00 ----------,-0000- ­ 20000 30000 46000 50000 60000 
Horiz.QI"I1aI oxtont (m)D Modified model 
Figure 4.32 Heat and fluid flow distribution for the original (A, C) and modified (B, D) basement 
model after 50,000 years. Compared to the original model (A), the lower basement allows fluid migration 
into deeper parts of the system (B, D), which in turn enables the removal of heat from the basement more 
effectively and facilitates higher discharge temperatures. Fluid convection also increase as a consequence 
of basement changes (D) and results in higher fluid velocities compared to the original model (C). As a 
consequence of changes in the subsurface geometry the fluid flow patterns change and fault 4 again 
becomes a discharge zone at the expense offault 3 and 5 (D). 
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4.3.2.4. Dike injection 
Rifling and dike injection fundamentally shape the character of oceanic crust and 
exert a major influence on hydrothermal, biological and tectonic processes at 
spreading centres (Sooo et aL, 1998). Episodic events such as magmatic intrusion 
and dike injection profoundly alter seafloor hydrothermal systems and lead to major 
perturbations of hydrothermal fluid circulation (Baker et aL, 1989; Haymon, 1996). 
Shallow magma chambers such as those located in the vicinity of mid-ocean ridges 
expel apophyses into the overlying strata and influence the heat and fluid flow 
regime by increasing permeability and heat transfer (Chadwick and Embley, 1998). 
The injection of magmatic dikes on the seafloor in general, and in hydrothermally 
active areas in particular, has been observed and recently described for a number of 
areas such as the CoAxial segment of the Juan de Fuca Ridge (Baker et aL, 1998; 
Chadwick and Embley, 1998), the East Pacific Rise (Haymon et aL, 1991, 1993) or 
the Cleft segment of the Juan De Fuca Ridge (Baker et aL, 1987, 1989). Studies of 
vent and plume distribution and the temporal evolution in hydrothermal processes 
confirm a close coupling between magma supply and hydrothermal activity on 
individual ridge segments (Haymon, 1996). 
The influence of a magmatic dike on heat and fluid flow patterns in this 
model is examined by simulating the intrusion of a 400 m wide dike extending from 
the centre of the magma chamber below fault 4 to the lower boundary of fault 4 (see 
figure 4.3 for reference). The width of the dike was chosen to a) simulate the 
intrusion of a dike swarm as they are common on the seafloor and b) to produce a 
visible response from the injection of the dike, since the model is a necessary 
simplification of real conditions. Where in the field a small dike intrusion will trigger 
a measurable response in a discrete vent of small size, fluid discharge here occurs in 
a single vent of large size. The dike was given an initial temperature of 1,000°C and 
was allowed to cool with time. Simulations reveal changes for faults 4 and 5, while 
other regions ofthe model section remain unchanged (fig. 4.33). As expected, fault 4 
- the extension of the dike - shows elevated temperatures and fluid discharge 
duration, especially in the medium to long term (> 100,000 years). Fault 5, which is 
located in the vicinity of the dike, also shows increased activity when the intrusion of 
the dike begins to exert its influence after about 20,000 years. The predicted increase 
in hydrothermal activity disagrees with field observations, where fluid discharge 
triggered by dike injection can occur within days or hours of emplacement (e.g. Juan 
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de Fuca Ridge, East Pacific Rise 9°N - Baker et aI, 1987, 1989, 1998; Haymon et aL, 
1991, 1993). The reason for this discrepancy lies in the greater depth of emplacement 
of the dike (2 km below the surface) compared to the field, necessitated by the 
limitations of the software to enable the computations of heat and fluid flow under 
the chosen conditions, i.e. seafloor at 0 Co and dike at 1,000 Co. This in turn triggers 
fluid discharge later than can be seen on the modem seafloor. 
The increase in activity associated with the dike intrusion is also reflected in 
the increase of water-rock ratios. While there are no changes in the general 
distribution of water-rock ratios other than those related directly to the dike (i.e. 
elevated water-rock ratios surrounding the dike itself), an overall increase in 
hydrothermal activity is inferred. Maximum cumulative water-rock ratios for the dike 
intrusion are> 1,000 while highest values for the model without dike are about 950. 
A comparison of water-rock ratios for different models in provided in section 4.4.3. 
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Figure 4.33 Fluid discharge temperatures and fluid velocity for a simulated dike injection below 
fault 4. Fault 4 exhibits an increase in exit temperatures and extended fluid discharge duration. Fault 5 
also shows increased activity connected to the dike intrusion at some later stage (~  20,000 years), 
while other faults remain unaffected. 
Results indicate that a dike intrusion of the dimensions described above (400 m 
width) does not change the general behaviour of the hydrothermal system but rather 
modifies the hydrothermal history of faults in the vicinity of the dike. 
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4.4. SUBMARINE HYDROTHERMAL HEAT AND FLUID FLOW 
The predicted fluid transport and hydrothermal activity in the Lau basin model is 
controlled by the model geometry and rock permeability, producing distinct areas of 
fluid recharge and discharge. The following section considers the main processes of 
the hydrothermal system and their relation to the main simulation conditions. 
4.4.1. Heat flow 
Heat flow and transport results from the generation of buoyancy-induced thermal 
gradients and produces a hydrothermal convection regime where heat extracted from 
the magma chamber is transferred chiefly within the breccia zone and sheeted dike 
layer towards topographic highs due to basement topography. Within the volcanic 
rocks, temperatures reach about 400°C and increase to about 600°C in the dike 
complex and layered gabbro unit. This temperature distribution compares well with 
the general alteration zonation of oceanic crust ranging from zeolite and greenschist 
facies in volcanic rocks to amphibolite facies metamorphism in the plutonic section 
of the seafloor (Alt, 1995). Predicted fluid discharge temperatures range from 150°C 
to 450°C and major fluid discharge occurs predominantly in the outer faults and the 
region immediately overlying the magma chamber. Discharge temperatures are in 
general agreement with measured vent temperatures in the Lau basin, which are 
reported to range between 334°C and > 400°C (Charlou et aI., 1990; Fouquet et aI., 
1991a,b; Von Stackelberg and Von Rad, 1994). Exit temperatures are controlled 
mainly by rock and fault permeability and to a lesser degree by other processes such 
as basement topography or dike injection (fig. 4.34). Lower discharge temperatures 
« 400°C) are predicted at elevated rock and fault permeability since fluids are 
circulating rapidly and are not as effective in removing heat from the magma 
chamber. 
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Figure 4.34 Summary of fluid discharge temperatures as a fimction of rock and fault 
permeability. Low permeabilities predict highest discharge temperatures (450°C) at the outer faults 
and fault 4, which decrease as rock and fault permeability increase. A change in the hydrothermal 
recharge-discharge regime occurs at elevated permeabilities: fault 4 ceases fluid discharge and instead 
fault 3 and 5 are predicted to vent lower temperature fluids (350°C). 
An exception to this occurs when hydrothermal recharge-discharge patterns change 
due to permeability or basement topography changes; in this case temperatures can 
increase by about 25°C for affected faults. While the distribution of faults does not 
alter discharge temperatures, it does affect discharge duration; i.e. less heat is 
transferred per fault as the number of participating faults increases, because heat 
removal is now split between a larger number of faults. No significant changes have 
been observed when other rock properties such as porosity or thermal conductivity 
are altered. Whether this is due to the design of the model section (e.g. simple 
stratigraphy), or some other intrinsic feature will be investigated with a more detailed 
numerical model in the next chapter. 
4.4.2. Fluid flow 
The onset of fluid circulation and the establishment of a hydrothermal circulation 
system strongly depends on fault and rock permeability, while recharge-discharge 
patterns also respond to other factors such as the model section geometry. This is 
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demonstrated in figure 4.35, which emphasises the control of penneability as the 
main factor detennining the initiation of fluid movement and hydrothennal 
convection within the system, which varies from ~ 10 years after initiation at high 
rock and fault penneability to about 5,000 years for low fault permeability. 
Once hydrothennal circulation is established, distinct recharge-discharge 
patterns develop. Fluid recharge occurs in the axial topographic depression where 
cold water enters the system, is heated, and rises due to buoyancy forces along the 
basement topography to discharge through the outer faults. The established recharge­
discharge pattern can undergo a transition between recharge and discharge of 
individual faults within the topographic depression. When penneabilities decrease, 
the axial fault 4 turns into a discharge fault at the expense of the off-axis faults 3 and 
5 due to a decrease in overall fluid velocity and in the number of discharging faults. 
Overall, fluid flow and discharge velocities depend strongly on rock properties while 
local fluid flow can also be influenced by other modeling conditions such as dike 
injection. Major fluid flow occurs within the breccia zone and sheeted dike complex 
and to a lesser degree through the andesite layer, with fluid velocities ranging from 
10-9 to 10.7 m/s. 
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Figure 4.35 Onset of fluid flow and hydrothermal convection as a function of rock and fault 
permeability indicating the importance of increased values of both rock and fault permeability in 
establishing fluid flow early in the life of a hydrothermal system. low fault permeability = 2.5xIO· 15 
2 2 2m , average fault permeability = 2.5xIO·14 m , high fault permeability = 2.5xIO· 13 m
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Fluid discharge velocities depend primarily on fault permeability and to a lesser 
degree on rock permeability (fig. 4.36). Highest discharge velocities (2.5xl0-6 m/s) 
are predicted at elevated fault and rock permeability and fluid velocities drop to ~  
lxl0-8 m/s as permeabilities decrease. These values are significantly lower than those 
reported from modern seafloor hydrothermal systems (> 1 m/s; Converse et aI., 1984; 
Ginster et aI., 1994) but predicted fluid exit velocities apply to the surface area ofthe 
fault in the model section (400 m x 1100 m) rather than a typical seafloor chimney 
orifice, which may have diameters ranging from 3 cm to > 30 cm (Cann et aI., 
1985/86). The width of the faults used in the numerical model section (400 m) was 
chosen partially due to the constrains of the modeling software, which is unable to 
handle fluid velocities measured on the seafloor directly, and requires a certain low 
order fault permeability, to enable successful simulations of heat and fluid transport 
under the existing conditions (i.e. high-temperature heat source). In addition, there is 
little or no information available regarding the actual width of active faults on the 
seafloor. It is reasonable to assume however, that faults may possess wider sections 
of lower permeability, generating significant diffuse fluid discharge. 
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Figure 4.36 Maximum fluid discharge velocity distribution as a ftmction of rock and fault 
permeability showing the control of fault and rock penneability of hydrothermal fluid discharge 
through individual faults. 
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However, fluid velocities may be converted by relating them to the appropriate 
surface area assuming fluid flow in a pipe, since the volume flow rate is the same in 
every section ofthe pipe regardless of the size or elevation of the section: 
AtVt = Azvz (4.2) 
where Aj and Vj are the surface area and fluid velocity of the inflow andA2 and V2 are 
the surface area and the fluid flow of the outflow. For a vent diameter of 10 cm, exit 
velocities of lxlO-7 m/s predicted from the model convert to fluid velocities of 4.4 
m/s, which compares well with exit velocities observed on the seafloor (> 1 m/s, 
Converse et aL, 1984; Ginster et aL, 1994). Lower temperature discharge regions 
observed in the Lau basin measure about 100 x 100 meters (Fouquet et aL, 1991a) 
and predicted maximum fluid velocities for this type of diffusive fluid discharge are 
about Ix10-4 m/s. 
The fluid velocity conversion also allows an estimate of the heat flux from a 
single discrete vent, which can be calculated by applying the formula from Lowell 
and Germanovich (1994) and assuming the same vent size (10 x 10 cm): 
Q= PfcfV(T - To)711P /4 (4.3) 
where PI is the fluid density, cl is the specific heat of the venting fluid, v is the fluid 
velocity for a 10 x 10 cm vent, T and To are the temperatures of vent and of ambient 
seawater respectively, and d is the vent diameter. Results yield heat flux values 
between 1.8 and 21 MW for a range of temperatures (300°C to 400°C) and converted 
fluid velocities (4.4 to 44 m/s) obtained from simulation results. These values 
compare well with data reported by Lowell and Germanovich (1994), which range 
from 1 MW to several tens of MW for single vents and values measured for 
submarine hot springs on the East Pacific Rise by Converse et aL (1984), which 
range from 0.5 to 250 MW. 
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4.4.3. Water-rock interaction and alteration 
The distribution patterns of water-rock ratios for the Lau model are very similar for 
all simulations: highest water-rock ratios occur around faults and to a lesser extent 
within the breccia zone and the sheeted dike/andesite region. This pattern directly 
reflects the permeability distribution in the system and underlines faults and high­
permeability rock units as the predominant fluid flow pathways. However, it has 
been shown that significant fluid flow may also occur at the boundary between units 
of large permeability differences as in the case of the sheeted dike layer and the 
gabbro unit (fig. 4.37). Maximum water-rock ratios range from less than 200 (high 
fault permeability) to more than 5,000 (open side boundaries) and reflect the velocity 
and duration of fluid migration within individual model simulations. Average water­
rock ratios for simulations of the simple Lau basin model range from 0.1 to 3, which 
compares well with values between 0.28 and 3 calculated from hydrothermal fluids 
at high temperatures by Spivack and Edmond (1987), and fall into the range of 
calculated water-rock ratios from various geochemical and numerical modeling 
studies « 1 to 50 - Mottl, 1983; ~ lA - Cann et aL, 1985/86; < 0.1 to 24 - Fisher 
and Narasimhan, 1991). 
Although the subsurface permeability distribution of the seafloor is poorly 
understood, numerical models must necessarily represent a gross oversimplification 
of the conditions on the seafloor. Despite these shortcomings, the temperature 
distribution and hence alteration zonation is in general agreement with alteration 
patterns found on the seafloor, i.e. low temperature « 200°C) regions beneath the 
surface correspond to zeolite facies alteration (Alt et aL, 1985; Gillis and Robinson, 
1988). With increasing depth in the andesite layer, temperatures reach around 400°C, 
equivalent to chlorite alteration (Alt et aL, 1986; Alt et aL, 1998) and in the sheeted 
dike section temperatures> 400°C equate to amphibolite facies alteration (Galley, 
1993; Alt, 1995). These broad alteration zones are disturbed near fault regions, where 
hydrothermal fluids are focussed and highest water-rock ratios occur, indicative of 
intense water-rock interaction. These areas are interpreted to represent chlorite 
alteration and sericitisation due to focussed flow of hydrothermal fluids as observed 
in ophiolites and mid-ocean ridge environments (Alt et aL, 1998). Besides rock 
permeability, initial compositional differences in mafic and felsic volcanic rocks (i.e. 
presence of more Fe, Mg, and mafic minerals in andesite and basalt) are at least 
equally responsible for the distribution of chlorite in volcanic rocks. 
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Figure 4.37 Development ofcumulative water-rock ratios as a function ofhydrothermal fluid flow. 
Early in the life of the hydrothermal system (1,000 yrs - A), most fluid flow occurs near the heater and 
within nearby faults as recharging fluids get heated and start to convect. After about 50,000 years (B) 
hydrothermal fluid flow has spread to the outer faults and significant fluid migration is predicted to occur 
within the breccia zone and sheeted dike zone. At this point fluids also begin to penetrate into the clearly 
distinguished low-permeability gabbro unit and the sides of the heat source. After 1 My, (C), there is 
widespread fluid migration in most of the system, especially directly above the heat source, as the 
hydrothelmal system penetrates deeper into the cooling magma chamber. 
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4.4.4. Life span of the hydrothermal system 
The duration of the hydrothennal system and associated fluid discharge modeled 
here is dominated by faults at topographic highs (fig. 4.38). The inner faults are 
mainly zones of fluid recharge, except at low penneability when fault 4 also becomes 
a major discharge fault. 
High temperature fluid discharge (T 2 150°C) can last from 2,000 to ~ 90,000 
years for faults 2, 3, 5, and 6 and up to ~  230,000 years for the outer faults. Faults 1, 
4, and 7 are the hydrothennally most active faults and the most likely location for the 
fonnation of massive sulfide deposits. Due to the aforementioned 'boundary' effect, 
an upper discharge duration limit has been set to 230,000 years, which applies only 
to the affected faults (faults 1 and 7). This time span is comparable to results by 
Cathles et al. (1997) who estimated that hydrothennal fluid discharge with 
temperatures> 200°C can last between 100,000 years and about 800,000 years 
depending on host rock permeability. The effect of changing boundary conditions 
(i.e. allowing fluids to enter or leave the system) on the discharge behaviour and 
venting duration of the Lau basin model is investigated below. 
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Figure 4.38 Hydrothennal fluid discharge duration for the Lau basin model. Most fluid 
discharge occurs through the outennost faults under all conditions. At lower penneabiIities, fault 4 
also exhibits significant fluid discharge, while in comparison all other faults are insignificant with 
regard to fluid discharge; they are the predominant recharge zones. 
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4.4.5. Open system 
As stated earlier, side boundaries are chosen to be impermeable with regard to fluid 
exchange. However, it is clear that this is not the case in most natural systems. Few 
studies deal with the consequence of open side boundary conditions (Garven, 1999); 
most numerical modeling studies either ignored this aspect or considered it to be of 
no consequence with regard to the overall results. Since this model includes multiple 
faults and significant horizontal fluid flow, fluid exchange through the side 
boundaries is likely to influence heat flow and fluid velocities, especially for the 
outermost faults. To examine this aspect, simulations have been performed with side 
boundaries open to fluid exchange by assigning a constant hydraulic head for the side 
boundaries. 
Results show changes for all faults but most noticeable for the outer faults, as 
expected (figures 4.39 and 4.40). Discharge fluid velocities are considerably higher 
for faults 1 and 7 and temperatures are marginally higher. This increase in activity is 
due to a significant influx of fluids from the side boundaries as shown in figure 4.4l. 
The influx of fluids is diverted to faults closest to the boundaries of the model, while 
other faults show similar or somewhat lower temperatures and discharge velocities. 
Figure 4.40 also indicates that faults 4 and 5 behave somewhat differently 
compared to the closed boundary model. While fault 4 commences fluid discharge 
earlier, fault 5 shows late discharge of low temperature fluids caused by the open 
side boundaries. Major fluid discharge for fault 4 is significantly shorter for the open 
boundary model (~  80,000 years vs. ~ 140,00 years), because the size of the recharge 
zone increases and the axial magma chamber is cooled more efficiently. As the 
hydrothermal system wanes and lateral fluid flow decreases, some late buoyant fluids 
rise from the magma chamber and escape through fault 5 as low-temperature fluids 
(fig. 4.42). 
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Figure 4.39 Fluid discharge temperature behaviour with side boundaries open to fluid exchange. 
The change of side boundary conditions affects all faults but most significantly the outer faults (1 and 
7) since they are closest to the side boundaries. 
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Figure 4.41 Fluid flow conditions for the closed boundary (A) and open boundary (B) model 
after 50,000 years. In model b, significant fluid flux is observed from both boundaries, which enables 
additional fluid discharge through the outer faults. This increased discharge results also in a larger 
axial recharge zone and significantly higher water-rock interaction. 
Calculated maximum cumulative water-rock ratios also differ significantly; previous 
models record values between 500 and 900 for outer faults, while the open boundary 
model reaches values of over 5,500 signifying much more intense water-rock 
interaction due to increased fluid flow (fig. 4.43). Overall, changes caused by 
boundary conditions open to fluid flow, suggest a significant increase in discharge 
temperatures and fluid flow for faults 1, 4, and 7. Only small changes are apparent 
for all other faults. To interpret these fmdings, two additional factors need to be 
considered: 1) side boundary conditions with respect to heat exchange and 2) 
projection of the hydraulic head outside the model section. 
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Figure 4.42 Heat flow patterns for the initial Lau model (A, C) and 'open boundary' Lau model (B, 
D). Compared to the initial model (A), the 'open boundary' model (B) displays large 
recharge zones and early discharge through fault 4 after 30,000 years. After 200,000 
years the 'open boundary' model (D) shows late fluid discharge though fault 5 and similar discharge 
temperatures for outer faults compared to the initial model (C). In both models, some late-stage 
convection cells develop. Although isotherms in graph B indicate some fluid discharge through faults 3 
and 5, the net fluid flow is indicating fluid recharge. 
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FigUl'e 4.43 Comparison of water-rock ratios of (A) the 'closed' system versus (B) the 'open' 
system after 1 million years. While the relative distribution of water-rock interaction (alteration) is 
very similar, the open system (B) predicts significantly higher maximum water-rock ratios (> 5,500) 
indicating more intense water-rock interaction for the main fluid pathways. 
The computer software requires that boundary conditions are specified with regard to 
thermal transport conditions and flow conditions. While flow conditions can be 
adjusted by assuming the same hydraulic head, as on the seafloor (e.g. water­
saturated stratigraphy), no reasonable constraint is available for thermal transport 
conditions, and it is not possible to apply temperature changes as conditions change. 
Therefore, the recorded increase in discharge temperature for the outer faults is likely 
due to the already mentioned 'boundary effect' rather than the genuine influx of 
additional hot fluids. Flow conditions also suggest a significant increase for the outer 
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faults, which is due to the influx of fluids from outside the model. Although the 
choice of hydraulic head is considered valid, it is difficult to estimate true hydraulic 
conditions in seafloor stratigraphy distal to a magma chamber, since the model 
section only represents part of a seafloor hydrothermal system. Therefore, heat and 
fluid flow predicted for the off-axis faults does not automatically increase as a result 
of the open boundaries. 
Observations from these simulations are important however, because they suggest 
several possible scenarios for the evolution of seafloor hydrothermal systems and the 
dependence on the location relative to the heat source(s). Two main scenarios are 
proposed: a single, isolated heat source and a large/multiple heat source(s). When 
applied to this model, a hydrothermal system fuelled by a single heat source is likely 
to cause influx of cold seawater through the side boundaries and a subsequent 
improved cooling of the heat source. Resulting heat and fluid flow would likely 
cause lower temperature fluid discharge and possibly the formation of smaller ore 
bodies due to shorter discharge duration. If other heat sources were present nearby, 
i.e. heat source is part of a larger magma chamber and hydrological conditions were 
favourable, additional fluid influx could contribute significantly to the discharge of 
hot hydrothermal fluids, resulting in the extension of the life of the hydrothermal 
system and potentially larger ore deposits. 
4.5. LIMITATIONS OF THE LAU NUMERICAL MODEL 
Apart from parameters discussed earlier, such as rock and fault properties as well as 
heat supply and boundary conditions, there are some other factors, which limit a 
more realistic simulation ofheat and fluid flow in submarine hydrothermal systems. 
4.5.1. 3-D 
Hydrothermal systems and associated processes occur in three-dimensional space 
under changing conditions as a function of time. From a technical point of view it is 
possible to model heat and fluid transport as a 3-D model to provide a more realistic 
genetic model of the life of a hydrothermal system. This has not been done because 
the geological data set available (e.g. stratigraphy and fault geometry) is insufficient 
to construct a viable numerical model. The time frame currently required to generate 
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numeric solutions for a 3-D model of this size (> 100,000 elements) exceeds the time 
frame and scope of this thesis. 
4.5.2. Permeability anisotropy and distribution as a function of time 
The software package used for these simulations is currently not capable of 
incorporating continuous changes in rock and fault properties, as a function of time, 
tectonic movement or changes in the chemical or thermal regime. The feedback of 
these parameters and the impact they have on the evolution of the hydrothermal 
system is not well understood, but are essential to gain more realistic results and 
compare them with detailed field observations. Despite these limitations, the 
numerical model employed here has proven fairly robust and is capable of 
reproducing results over a range of conditions that are largely in agreement with field 
observations from the Lau basin area. Furthermore, results from different scenarios 
may be combined to trace the evolution of a seafloor hydrothermal system, i.e. high 
rock and fault permeabilities occur early on and deteriorate as the system evolves. 
4.5.3. Magmatic-hydrothermal interface 
Another issue discussed here is the heat transfer from the magma chamber to the 
hydrothermal system. While it is not the focus of this study to investigate the heat 
budget of a subseafloor magma chamber, heat transfer from the magma body to the 
hydrothermal system is important since it will determine fluid discharge 
temperatures and the life span of a hydrothermal system. 
Lister (1974) introduced the so-called 'thermal cracking front', which can be 
described as the formation of a zone of enhanced permeability at the top of the 
magma chamber (boundary layer). This zone is created by thermal stress in rocks 
arising from differences in thermal expansion properties of individual grains relative 
to its surrounding medium during cooling (Carlson et aI., 1990). The process allows 
a hydrothermal system to penetrate into a freezing magma chamber to harvest 
additional heat and thereby sustain high-temperature hydrothermal convection and 
fluid discharge similar to those observed for black smokers. The existence of such a 
cracking front is supported by experimental studies (e.g. Bauer and Handin, 1983; 
Wang et aI., 1989; Zhao and Brown, 1992) and field observations in mafic intrusions 
(Manning and Bird, 1986; Schiffries and Skinner, 1987), ophiolite sequences (Nehlig 
and Juteau, 1988; Nehlig, 1994; Van Everdingen, 1995; Gillis and Roberts, 1999), 
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and the seafloor crust (Gillis, 1995; Wilcock and Delaney, 1996). This concept has 
also been applied to a range of numerical models simulating submarine hydrothermal 
systems and massive sulfide ore body formation (e.g. Cathles, 1983; Lister, 1983; 
Lowell and Burnell, 1991; Barrie et a1., 1999b). 
Alternatively, Lowell and Germanovich (1994) and Gillis and Robert (1999) 
have argued for a different explanation for the downward migration of the 
hydrothermal system into the frozen crust of the heat source. They relate the 
penetration of the hydrothermal system into the top of the magma chamber to the 
process of dike injection, which creates new permeability and allows additional heat 
to be extracted. Other studies have pointed out that pressure (Wilcock and Delaney, 
1996), available surface area (Nehlig, 1993) or crack closure due to temperature 
differences or mineral precipitation (Manning and Bird, 1986; Vaughan et a1., 1986; 
Wetzel et a1., 2001) could decrease the effectiveness of the thermal cracking 
mechanism significantly. Although the development of a thermal cracking front 
cannot be simulated directly by the software (i.e. automatic permeability changes as 
a function of temperature), numerical simulations were carried out to investigate, 
how permeability variations, due to temperature changes, may affect heat supply, 
discharge behaviour and temperature evolution in the Lau basin mode1. For this, an 
increase in permeability for plutonic and volcanic rocks was assumed between 300°C 
and 400°C based on modeling studies by Cathles (1983) and Barrie (1999b). This 
was accomplished by manually increasing permeability 5-fold for plutonic rocks and 
2-fold for volcanic rocks accordingly at each time step increase. 
Temperature and fluid velocity evolution are shown in figure 4.44 and 4.45 and show 
local changes, especially close to the heat source, but indicate that the overall 
evolution of the hydrothermal system is not significantly disturbed. While fault 2 and 
6 show essentially no temperature difference, outer faults record somewhat less high­
temperature discharge early on, which may be diverted to inner faults such as fault 3 
and 5 (fig. 4.44). Discharge temperatures overall do not increase due to the more 
effective cooling of the heat source, caused by additional influx of colder fluids. 
Although fault 5 exhibits a rise in maximum discharge temperatures of about 100°C 
at some point, the average temperature increase is only about 50°C. Fault 3 shows a 
sudden increase in discharge temperatures at about 120,000 years, which coincides 
with a switch from recharge to discharge behaviour (fig. 4.45). This is caused by 
local fluctuations in fluid flow where hot fluids at the top of the magma-chamber 
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convect due to increased permeability and move sideways because of topographic 
differences; this triggers renewed fluid discharge first in fault 5 at ~ 42,000 years and 
later in fault 3. 
Fluid velocities show that a 'thermal cracking front', as it is modeled here, 
does not greatly disrupt the established general fluid flow regime; fluid velocities are 
very similar in most cases or slightly elevated (fig. 4.45). Changes occur due to 
increased fluid movement around the magma chamber, which leads to an increase in 
activity for faults near the heat source and less fluid discharge for faults at 
topographic heights. This is illustrated in figure 4.46, which compares discharge 
duration and temperature differences of the two models. No significant differences 
exist amongst the outer most active faults; the fluid discharge regime in the area 
around the magma chamber switches from one to two discharge faults with a 
temperature difference of about 50°C. Cathles (1983) imposed a sharp permeability 
decrease for rock temperatures> 350°C to obtain discharge fluid temperatures 
compatible with modem seafloor measurements, i.e. prevent discharge temperatures 
above 350°C. Barrie et al. (1999b) also assumed a steady permeability decrease with 
increasing temperature. As stated above, the original Lau basin model does not 
include any permeability changes as a function of temperature, but discharge 
temperatures compare favourably, for the most part, with seafloor measurements. 
Of the more than 40 different simulations run for the original Lau basin 
model, only five scenarios predict discharge temperatures significantly higher than 
400°C, considered to be the upper limit for seafloor black smokers (Cathles, 1983; 
Herzig et aI., 1993; Lowell and Germanovich, 1994; Von Damm, 1995, Barrie et aI., 
1999b). These five simulations record temperatures between 417°C and 468°C (fig. 
4.47) and certain conditions (low rock permeability, low elevation) may aid the 
migration of very hot fluids away from the heat source and up the faults before they 
cool down or mix with colder fluids. Temperatures greater than 400°C have been 
measured on the seafloor in general (e.g. Von Damm, 1995) and in the Lau basin in 
particular (Fouquet et aI., 1991a,b) and the relatively short duration of most high­
temperature fluids predicted here (see figure 4.47) could be explained by seismic 
events near the magma chamber or changes in the permeability distribution of rock 
units and faults. 
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Figure 4.44 Comparison of discharge temperature evolution between original and cracking front 
simulations. Changes are observed in the inner faults, which reflect permeability changes near the heat 
source; other faults show either a slight delay in high temperature venting (fault 1 and 7) or little 
overall change. The sudden rise in temperature for fault three is due to fault three becoming a 
discharge after 100,000 years (see figure 4.42). 
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Figure 4.45 Discharge fluid velocity for cracking front simulations plotted against the original 
model results. While the outer faults record a brief period of recharge, the inner faults (3, 4, and 5) 
reverse their hydrothermal circulation patterns from recharge to discharge and vice versa; see text for 
explanation. 
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Figure 4.46 Comparison of fluid discharge duration and maximwn discharge temperature 
differences between the original and cracking front sirnulations. The outermost faults show very little 
deviations, while hydrothermal activity of fault 5 is split between fault 4 and 6 in the cracking 
simulation. R = fluid recharge 
It should be noted that discharge temperatures predicted here do not take into account 
local mixing that might occur beneath the subsurface of fault zones, which may also 
affect the final temperature of emerging fluids. Since the permeability chosen for the 
heat source and adjacent gabbros predicts discharge temperatures likely to be 
encountered on the modem seafloor, it is argued here, that a strong decrease of rock 
permeability, with increasing temperature, is not necessary to prevent undesired 
discharge temperatures as postulated by Cathles (1983). As shown for the Lau basin 
model, the choice of initial conditions can produce viable results without the need for 
model restrictions based on field observations. Likewise the inclusion of a thermal 
cracking front into the modeling process does not explicitly resolve the possible role 
of thermal cracking with regard to the ore forming potential of the hydrothermal 
system (i.e. no overall increase in temperature, discharge velocity or discharge 
duration). Although single faults can show a significant increase in hydrothermal 
activity (fault 5; see figure 4.44 and 4.45), it is at the expense of other faults. 
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Figure 4.47 Comparison of fluid contribution for all scenarios recording fluid discharge 
temperatures greater than 400°C. Significant hydrothermal fluid discharge above 400°C occurs at low 
rock penneability, lowered basement topography and open side boundaries; these conditions enable 
the hottest fluids to migrate away from the heat source and discharge at elevated topographic 
locations. Of the more than 40 simulations with the original Lau basin model, only three display 
temperatures above 442°C, considered possible in high salinity fluids (Jupp and Schulz, 2000). 
Other evidence for the independence of hydrothermal fluid discharge temperatures 
has been provided by Jupp and Schultz (2000). In their study they conclude, based on 
thermodynamic properties of water in conjunction with numerical simulations of 
convecting fluids, that upwelling plumes (and consequently hydrothermal fluids) 
tend to form naturally at - 400°C for heat sources with temperatures greater than 
500°C. Although these calculations apply to pure water only, estimates for saltwater 
suggest an upper temperature limit for seafloor hydrothermal systems between 414°C 
and 442°C, while higher temperatures are confmed to a boundary layer at the base of 
convection cells. These results compare with maximum discharge temperatures 
predicted here (468°C) and suggest that fluid discharge temperatures> 400°C may 
occur when certain criteria are met, such as elevated salinities and low overall 
permeability. 
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4.6. SUMMARY OF THE SIMPLE LAU MODEL 
The numerical model of the Lau basin constructed here has proven to be fairly robust 
over the range of conditions investigated. Based on field observations (structure, 
topography, heat source) and necessary assumptions (permeability, fault regime, 
stratigraphy), results are in general agreement with field observations from the 
modem seafloor, as well as the Lau basin in particular. Hydrothermal circulation and 
associated recharge-discharge patterns are the result of buoyancy-induced fluid flow, 
where fluids recharge at topographic lows and migrate along basement topography to 
discharge at elevated topographic positions. Cumulative water-rock ratios 
demonstrate main fluid movement within the most permeable rock units (breccia 
zone) and along the sheeted dike-gabbro boundary, related to the basement 
topography and large permeability differences. Predicted temperature distribution 
within the model section compares with the general alteration zonation on the 
seafloor from low temperature alteration (zeolite facies) to high temperature 
alteration assemblages (amphibolite facies) with increasing depth. Discharge fluid 
temperatures, usually range between 150°C to 400°C, with an average maximum 
discharge temperature of about 375°C and single values reaching ~ 450°C, which 
may be generated by seismic events or significant permeability changes. Fluid flow 
and hydrothermal discharge is influenced chiefly by permeability, basement 
topography and boundary conditions. Dike injection and the presence of a thermal 
cracking front have less influence. Elevated permeabilities predict higher fluid 
velocities but lower discharge temperatures and system life span. 
Fluid velocities can reach 2.5xlO-6 m/s, significantly lower than those 
commonly observed on the seafloor (2: 1 m/s), but when converted to an appropriate 
vent diameter, comparable fluid velocities are obtained. Hydrothermal activity 
usually commences after about 100 years at elevated permeabilities, and around 
1,000 years at low permeability. The life span of the hydrothermal system varies 
from ~  2,000 years to > 200,000 years for individual faults. In the context of a 
modem seafloor setting, such as the back-arc seafloor spreading centre hosting the 
Lau basin, most hydrothermal activity is predicted to occur at topographic highs and 
in regions proximal to shallow magma chambers under certain conditions (low fault 
permeability, topography). Several important processes tested here such as a thermal 
cracking front and open side boundaries are predicted to affect fluid flow in 
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individual faults, but their effect on the overall hydrothermal system is shown to be 
less important. 
4.7. A MORE 'REALISTIC' LAU MODEL 
The 'simple' Lau model discussed above was chosen because it represents a 
reasonable simplification of part of a modern seafloor hydrothermal system and 
allowed the sensitivity analysis presented above in an acceptable time frame. For the 
last part of this chapter, a modified model of the Lau basin has been constructed (fig. 
4.48), which incorporates a more realistic stratigraphy (i.e. displaced rock packages 
at faults) and topography/structure (e.g. non-symmetrical) based on realistic 
topography from seismic reflection measurements by Parson et al. (1994). This 
model has been used to simulate key scenarios under more realistic conditions and 
determine the potential of individual faults to host significant massive sulfide ore 
bodies; unless otherwise stated all modeling conditions are the same as in the simple 
Lau model. Three scenarios were tested with the 'realistic' model: low rock 
permeability, high fault permeability and open side boundaries. These calculations 
will be compared to an original simulation with average rock and fault 
permeabilities; additional results are shown in appendix A 12 to A 14. 
4.7.1. Discharge temperature 
Discharge temperatures are plotted in figure 4.49 for all simulations to allow direct 
comparison. Results for the most part agree with observations from previous models; 
elevated fault permeability generally causes lower temperatures, while low rock 
permeability leads to an increase in discharge temperatures. Faults 3 and 5 are 
exceptions in this regard, since the predicted temperature behaviour deviates from 
that of other faults. Here, an increase in fault permeability triggers early 
hydrothermal activity (fig. 4.49), while low rock permeability produces little 
hydrothermal activity. This observation is explained by the difference in the structure 
of the 'realistic' Lau model, where the non-symmetry of the model section geometry 
appears to aid early fluid discharge for faults in the vicinity of the heat source. The 
increase in fault permeability creates migration pathways, which allows hot fluid 
above the magma chamber to rise quickly to the surface and produce early high-
temperature hydrothermal activity in nearby faults (~ 300 years; see figure 4.49). 
113 
Ch£loter4 The Lau basin model 
w E
 
Fault 1 8000 
Fault 2 
7000 
6000 
5000 
4000 
2 , 
, ~\ 
3000 
.1 
2000 
1000 
0 
0 10000 20000 30000 40000 50000 60000 
D D DsedimeDts breccia zooe (andesire) aodesite 
sheeted dikes layeoed gabbro heal source (magma chamber) 
Figure 4.48 Numerical grid and stratigraphy of the 'realistic' Lau model. Realistic topography 
and an offset for stratigraphic units at the fault interface has been added, while the vertical 
exaggeration remains at 3: 1. 
Compared to the 'simple' Lau model where increased fault permeability does not 
predict early high-temperature fluid discharge for faults 3 and 5 (compare figure 4.15 
and 4.16), results from the 'realistic' model would suggest that modifications of the 
numerical model such as structure and geometry can results in different fluid flow 
patterns for individual faults, especially if these faults are located in the vicinity of 
the heat source. As expected, changes for the open boundary simulation occurs only 
for the outermost faults due to additional fluid influx, while other faults remain 
unaffected. 
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Figure 4.49 Comparison of fluid discharge temperatures for the 'realistic' Lau model under a 
variety of conditions, where original results refer to average rock and fault permeabilities of the 
'simple' Lau model. The hydrothermal system behaves similar to the 'simple' Lau model in that 
higher fault permeability produced lower discharge temperatures while low rock permeability predicts 
higher discharge temperatures and open boundary conditions only affected outermost faults. Fault 4 is 
a pure recharge fault and not shown here. For some faults (2, 3, 5, 6) results from the original 
sirnulations are very similar to those of the open boundary results and therefore overlap. low rock 
permeability = Breccia zone 1.3xlO·17, Andesite 10.18 m2; high fault permeability = 2xlO· '2 m2 
4.7.2. Discharge fluid velocity 
Comparison of simulation results in 4.50 shows that fluid flow velocities are also in 
general agreement with observations from the 'simple' Lau model. Fluid velocities 
increase at elevated fault permeability, while low rock permeability records smaller 
fluid velocities. The most pronounced differences are predicted for faults 1 and 7, 
which experience significant additional fluid influx through the left and right model 
section boundary under open boundary conditions. An exception is fault 6, which 
shows no fluid discharge for elevated fault permeability. A comparison with fault 5, 
reveals that the brief discharge duration predicted for the original simulation for fault 
6 is diverted to fault 5, which shows a significant increase in fluid discharge 
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temperature at the beginning of the calculations (~  100 years). This increase in 
activity for fault 5 is probably the reason why fault 4 does not show any 
hydrothermal activity at all and remains a recharge zone. The fluid velocity 
distribution of the 'realistic' model indicates a similar behaviour of the hydrothermal 
system compared to the 'simple' Lau model, but individual faults can experience a 
different hydrothermal history due mostly to differences in the structure and 
geometry of the model. 
4.7.3. Fluid discharge onset and duration 
A comparison of total fluid discharge duration>150°C is given in figure 4.51 and 
emphasises the preference of fluid discharge at the highest topographic position 
under all conditions except at high fault permeability where fault 5 also becomes a 
prominent zone of hydrothermal fluid discharge at the expense of faults 4 and 6. The 
discharge history of fault 5 is interesting in that it seems to be independent of 
modeling conditions investigated here, which could be due to its location relative to 
the heat source as well as surrounding faults in this model. Figure 4.50 suggest that 
faults 2 and 3 as well as faults 5 and 6 complement each other respectively in terms 
of fluid discharge-recharge behaviour. Both faults 2 and 5 exhibit fluid discharge at 
the same time as faults 3 and 6 show fluid recharge. 
The lower graph in figure 4.50 indicates that between these fault pairs fluid 
flow probably resembles a simple pipe model, i.e. fluid recharges through fault 6 and 
fluid discharge through fault 5. Similar behaviour may also be observed for 
simulation results of the simple Lau basin model (see figures 4.26, 4.31, and 4.40, 
4.45). However, under these conditions, where fault 4 may also show fluid discharge, 
pairing faults can reverse their fluid flow behaviour or a different fluid flow system 
may be established (yellow arrows in figure 4.50). In both models, the 
interconnection between neighbouring faults can lead to the development of fluid 
flow patterns observed in the pipe model and depending on modeling conditions may 
favour one fault over another. As before, predicted fluid discharge duration has been 
limited to 230,000 years, where a rise in discharge temperature and fluid velocity is 
recorded. Overall, the potential to produce a significant ore body with this model is 
greatest for the outer faults but fault 5 may also be a favorable site. 
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Figure 4.50 Discharge fluid velocities for the 'realistic' Lau model. Significant velocity 
increases are recorded at high fault permeability and open boundary conditions; fault 4 is a recharge 
fault. For the 'realistic' Lau basin model, faults 3, 4, and 6 are primary recharge zones while faults 1, 
2, 5, and 7 show fluid discharge (lower graph). Stippled arrows indicate that pairing faults may 
reverse their fluid flow behaviour. Yellow arrows indicate that under different conditions (fault 4 fluid 
discharge - simple Lau basin model) fault pairs may also change their fluid flow behaviour. 
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Comparison of discharge duration for the 'realistic' Lau model 
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Figure 4.51 Fluid discharge duration for various sirnulations of the 'realistic' Lau model. Outer 
faults (fault 1 and 7) experience the longest hydrothermal fluid discharge under most conditions. Fault 
5 shows a uniform discharge history at the expense of surrounding faults (fault 4 and 6). Stars refer to 
fluid discharge duration being restricted to 230,000 years. 
4.7.4. Alteration 
Cumulative water-rock ratios for this model are compared to the previous 'simple' 
Lau model in figure 4.52. The overall relative distribution of water-rock ratios is 
generally similar for all three scenarios, although case c features elevated water-rock 
ratios especially close to the boundaries. Overall, main fluid flow pathways are 
identified within faults as well as at the breccia zone and the sheeted dike-gabbro 
interface. Differences in maximum water-rock ratios reflect different fluid velocities 
in each simulation for individual faults as well as differences in total discharge 
duration of each scenario (compare figure 4.38 with 4.51). Compared to the 
'realistic' model, the simple model predicts more extensive alteration extending from 
the faults into the andesite breccia zone. This is likely caused by the difference in 
geometry and hydrostratigraphy as well as the fault offsets included in the 'realistic' 
model. Although the extent to which changes in the thickness or permeability of the 
andesite breccia layer may effect the distribution and intensity of alteration has not 
been investigated here, it is reasonable to assume that a thicker and more permeable 
andesite breccia zone would encourage additional fluid circulation in this rock unit, 
which would lead to more intense alteration. 
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Figure 4.52 Comparison of cumulative water-rock ratios and alteration for (A) the simple Lau 
model, B) the 'realistic' Lau model (original) and C) the 'realistic' Lau model (open boundaries). The 
main water-rock ratio distribution is very similar for all three cases except for regions of elevated 
water-rock interaction at the boundaries in case C due to significant fluid influx through the side 
boundaries. Different maximum water-rock ratios reflect differences in total fluid velocities as well as 
total discharge duration for each simulation. 
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4.8. ORE BODY FORMATION 
Numerical simulations from both the 'simple' and 'realistic' Lau model produce 
detailed records of temperature evolution and fluid flow development for individual 
faults, which can be used to calculate the formation of potential ore bodies, at 
different fault locations, as a function of modeling conditions. Equation 4.4 is used to 
calculate the size of a potential ore body: 
_ [Weell *V *Pf *(step *mZn+Cu )] * x (4.4)
morebody - L 1000000 
where Vcell is the volume of discharging fluid corresponding to an appropriated 
convection cell for a single time step, v is fluid velocity, PI is fluid density, {step is 
time step, x is metal deposition efficiency, and mzn+cu is the combined mass of 
transported base metal in ppm. Dividing results by 1,000,000 and multiplication by x 
yields metric tons of accumulated base metals over time; metal solubility data for Zn 
and Cu were taken from Huston and Large (1987) and Sverjensky et al. (1997). To 
obtain the amount of fluid available to form a deposit, the appropriate rock volume 
with significant fluid flow (i.e. minimum size of corresponding convection cell) is 
calculated assuming that fluids circulating within this rock volume contribute to the 
precipitation of base metals by some focussing mechanism, i.e. fluids focus at cross­
cutting fault planes (fig. 4.53). These estimates are then used to compute the total 
amount of metal-carrying fluids available to form an ore deposit, based on discharge 
temperatures> 150°C. This cut-off value is based on the solubility of major ore­
forming sulfide minerals which reach significant metal concentrations in the fluid (> 
1 ppm) above 150°C (Large, 1992). 
To illustrate the potential of ore body formation as predicted by numerical 
simulation results, one fault (fault 7; see figure 4.48 for location) from the 'realistic' 
Lau model has been chosen. Fault 7 is situated at an elevated topographic position 
and exhibits a high potential for ore deposition in terms of its hydrothermal history as 
well as location (Fouquet et aI., 1993; Herzig et aI., 1993). Figure 4.54 plots the 
cumulative amount of base metals (Zn + Cu) for a number of scenarios as a function 
of hydrothermal evolution against a 5 Mt ore body with a 10 percent base metal 
content as well as a supergiant deposit (> 12 Mt total metal). 
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Figure 4.53	 Illustration of the rock volume used to calculate the amount of hydrothermal fluid 
that discharges through individual faults and contributes to the formation of an ore body. The 
horizontal distance is determined by the half-way distance to the next fault and vertical dimensions 
are based on observed major fluid circulation within volcanic rock units. 
All calculations are carried out without lead, since very little lead is found ill 
hydrothermal	 fluids on the seafloor in general (Von Damm, 1995) and ill 
hydrothermal fluids of the Lau basin in particular (Fouquet et. aI, 1993); table 4.5 
lists conditions for each case shown in figure 4.54 along with the formation time. 
Table 4.5	 Summary of modeling conditions for calculated ore deposition for different cases 
shown in figure 4.54. 
Case Rock permeability (mz) Fault Metal in Deposition Time to form
 
Breccia Zone Andesite permeability solution efficiency 5 MtlSupergiant
 
(m2) (ppm) (%) deposit (years)
 
A low (1.3xlO-I " 10-1 • m') 2.5xlO-lq saturation 100 5,000/6,500
 
B average (1.3xlO-lb, 10- m') 2.5xlO-IQ saturation 100 2,000/3,000
 
C average (1.3xlO- lO, 10- m') 2.5xI0-u saturation 100 1,800/3,000
 
D average (1.3xlO-1O, 10- m') 2.5xI0- IQ 10 100 2,000/8,200
 
E average (1.3xlO-lb, 10- m') 2.5xI0-H 10 10 5,500/30,000
 
F avera~e  (1.3xlO-'b, 10-11 m') 2.5xIO-'4 I 10 9, lOO/never
 
G average (1.3xlO-lo, 10- m') 2.5xI0-1Q I I never/never
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Figure 4.54 Cumulative metal tonnage of predicted ore deposit formation as a function of rock properties, fluid properties, and discharge duration. Under most 
conditions (line A to E) a significant ore body (5 Mt with 10 % base metals) may form in less than 6,000 years, depending on the metal content and deposition efficiency. A 
fluid with a 1 ppm base metal content (line F) and a 10 percent deposition efficiency would take about 10,000 years to accumulate enough metal while fluids with less 
deposition efficiency (line G) will be unable to form a significant ore body. To form a supergiant ore body (> 12 Mt of total metal) in a reasonable time frame, i.e. < 10,000 
years, hydrothermal fluids either require greater than 10 ppm base metal and/or more than 10 percent deposition efficiency, since a 10 ppm/lO % deposition efficiency 
fluid (line E) takes about 30,000 years to accumulate enough base metal; for a listofthe conditions ofeach case shown here see table 4.5. 
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4.8.1. Timing of ore body formation 
Assuming an appropriate focussing mechanism facilitating significant fluid discharge 
at a single point, a significant ore body (5 Mt with 10 % base metals) is predicted to 
accumulate in about 1,000 to ~ 6,000 years under most conditions (case A to E in 
figure 4.54; see also table 4.5). A significant ore body is considered to be 5 Mt at 10 
percent base metals. The world average VHMS based on data from Large (pers. 
comm.) is 17 Mt at 8.4 percent base metals. If emerging fluids carry only a 
maximum of 1 ppm of base metal (line F, fig. 4.54) results predict that with an 
assumed 10 percent deposition efficiency, such fluids will take longer to 
accumulating enough ore material for a 5 Mt ore body, about 9,000 years, while 
weaker hydrothermal fluids (1 ppm + 1 % deposition efficiency; case F in figure 
4.54) will never accumulate enough base metals to form a significant ore body. 
Result also indicate that in order to produce a supergiant ore deposit, defined 
here as > 12 Mt of total metal, hydrothermal fluids need more than 10 ppm of base 
metals in solution under reasonable deposition conditions « 100 % deposition 
efficiency, case D in figure 4.54) to produce such a deposit within about 10,000 
years. Alternatively, if the hydrothermal system is long-lived, a 10 ppm base metal 
fluid with a 10 percent deposition efficiency will take about 30,000 years to 
accumulate enough base metal (case E, fig. 4.54). 
These calculations trace the thermal history of an individual fault from the initiation 
of the hydrothermal system to the waning stages and results are a reflection of the 
time-integrated accumulation of base metals as a function of temperature, fluid 
density and base metal solubility. Calculations are based on uninterrupted fluid 
discharge. Tectonic events, or other processes such as mineral precipitation, which 
might alter fluid discharge processes, are not considered here. While the magnitude 
of predicted ore bodies varies according to the type of fluid involved, most 
calculations seem to suggest that very little time would be required to form a 
significant ore body, provided that fluid discharge at any site can be sustained for ~ 
6,000 years. Fluids containing less than 10 ppm total base metals, or with a very poor 
deposition efficiency (1 %), will take much longer or are unlikely to produce a 
significant massive sulfide ore body (case F and G in figure 4.54). Figure 4.54 also 
shows that after about 120,000 years, when discharge temperatures start to decline, 
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no further significant ore material is predicted to accumulate, because the 
hydrothermal systems wanes due to the cooling of the heat source. 
4.8.2. Ore body size 
Under ideal conditions (base metal saturation, 100 % deposition efficiency) an ore 
body of phenomenal size (~  1010 t total metal!) could form; realistic estimates 
assuming ala ppm metal-carrying fluid with a 10 percent deposition efficiency yield 
an ore body on the order of ~  35 million tonnes of total metal. By contrast, the largest 
VHMS deposit, Kidd Creek, contains about 12.6 million tones of total metal. To 
evaluate these predictions, a comparison with the relative size of major sulfide 
deposits on the modem seafloor is shown in figure 4.55, which compares VHMS 
deposits based on ore body tonnage; simulation results have been recalculated with a 
la percent base metal content to allow comparison. Modem seafloor deposits are at 
the lower end of the size pyramid of massive sulfide deposits in terms of tonnage. 
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Figure 4.55 Comparison of massive sulfide deposit size and ore body tonnage predicted from 
numerical modeling. Predicted ore bodies are significantly larger than typical modem seafloor 
deposits, which probably lack conditions inferred in numerical simulations (modified after 
Hannington et al., 1995). 
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Most of them are estimated to have an average size of ~  0.2 Mt ore material. The 
TAG hydrothermal mound has been investigated more thoroughly and estimates are 
around 4 Mt (Hannington et aI., 1995). Calculations from this study suggest that 
under present modeling conditions significantly larger ore bodies could form; ~ 350 
Mt for fluids carrying 10 ppm base metals and a 10 percent deposition efficiency. 
Poor hydrothermal fluids (1 ppm base metals + 10 % deposition efficiency, see 
figure 4.55) are predicted to form a 50 Mt ore deposit with a 10 percent base metal 
content. Although there are some known massive sulfide deposits that exhibit 
comparable tonnage such as the Kidd Creek deposit, they are clearly the exception 
and most known ancient massive sulfide deposits are on the order of 10 million 
metric tons of ore. Several factors may explain this discrepancy. 
The simulation results presented here assume that hydrothermal fluid 
discharge continues until the heat supply is exhausted. This is clearly not the case, as 
is evident from modem-day seafloor observations (Fomari and Embley, 1995; 
Wright, 1998). Tectonic movement and volcanic activity is likely to interrupt 
established fluid flow pathways, preventing high-temperature fluid discharge for the 
time span predicted by simulation results. Another aspect is that hydrothermal fluids 
are assumed to be saturated with respect to copper, lead and zinc. Although analysis 
of hydrothermal fluids from present-day seafloor systems suggest that some fluids 
may be saturated, or even supersaturated with respect to some base metals (Von 
Damm, 1995; table 4.6), reported metal concentrations reflect fluids that have 
already mixed with cold, oxidising seawater, thereby overestimating the true metal 
concentrations in hydrothermal fluids when they circulate at depth and ascend to the 
seafloor. It is therefore reasonable to assume that in-situ fluids are probably not 
saturated with respect to base metals before mixing with other fluids and discharging 
onto the seafloor. The aspect of base metal saturation as a function of temperature 
will be investigated in more detail in chapter 5. 
On the other hand, a hydrothermal fluid that carries no more than 10 ppm Zn + Cu in 
solution at any time, and precipitates with low efficiency (10 percent) should form a 
5 million ton ore body with a 10 percent metal content in less than 6,000 years. 
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Table 4.6 Comparison of measured base metal concentrations in modern seafloor 
hydrothermal fluids with calculated saturation values. 
Location Temperature Measured concentrations Calculated saturation 
eC) Cu (ppm) Zn (ppm) Pb (ppm) Cu (ppm) Zn (ppm) Pb (ppm) 
TAG" 301-366 9.5 25 - 10.5-170 63-679 -
Mid-Atlantic Ridge 360 10.3 11.7 - 137 565 -
(Rainbow vent)b 
JdFR-Endeavourc 350 0.9 2.2 0.007 94 412 666 
Lau basind 334 2.2 197 0.4 49.5 237 512 
JdFR-Northe 262 0.4 36.8 0.07 1 8.7 105 
JdFR-SouM 246 0.09 49.5 0.1 0.3 3.2 65 
Calculated metal solubilities are based on data by Huston and Large (1987) and SveIjensky et al. (1997) 
" Butterfield and Massoth (1994) 
b Edmonds et al. (1996) 
Charlou et al. (1990), Fouquet et al. (1991a) 
d Von Damm and Bishop (1987) 
Douville et al. (2002) 
f Butterfield et al. (1994) 
These calculations are all based on numerical simulation results, which do not take 
into account additional fluid discharge for individual faults that may occur due to 
open side boundaries, dike intrusion, differences in fault extension or varying 
geometry of the numerical model. While the overall size of the modeled ore body 
may increase, all other calculations and conclusions regarding ore body size and 
timing remain unaffected due to their specifications (e.g. 10 ppm maximum metal 
content), suggesting that a significant ore body could be formed in a short time 
period over a range of conditions. The fact that most seafloor deposits known today 
are probably much smaller than their ancient counterparts means that either: 
a) many modem systems are unable to sustain continuous high-temperature fluid 
discharge for> 6,000 years, 
b) the fluid chemistry is changing over this time interval to such a degree that an 
insufficient amount of base metals is carried in solution, 
c) focussing mechanisms sufficiently efficient to channel appropriate volumes of 
fluids to a confined discharge zone are rather uncommon, or 
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d) some other process, such as the geotectonic setting, or a combination of a, b, and c 
above, may prevent the widespread formation of significant massive sulfide ore 
deposits on the modem seafloor. 
Although it could be argued that the numerical model constructed here has excluded 
some important unrecognised aspects, it is believed that all known parameters have 
been considered. The calculations are based on real data (rock permeabilities, heat 
source temperatures, fault width) and the results compare well with field 
observations such as black smoker discharge temperatures and fluid velocities. It is 
likely that a combination of processes prevents the formation of larger ore deposits 
on the seafloor, and simulation results may indicate that only under certain 
conditions, do significant (> 5 Mt) massive sulfide ore deposits form. These 
conditions probably include a relatively stable tectonic regime and access to an 
effective plumbing system tapping a sustainable heat source and effectively 
focussing ascending hydrothermal fluids. Of less importance seems to be the 
absolute metal content of the fluid or the relative precipitation efficiency. 
4.9. CONCLUSIONS 
This chapter describes the development and application of two numerical models to 
simulate heat and fluid transport in a modem back-arc type seafloor hydrothermal 
system. They are both aimed at gaining further insight into the evolution and 
development of modem seafloor hydrothermal systems with respect to hydrothermal 
fluid flow migration, fluid flow pathways, and associated processes. While several 
results confirm theoretical and field observations (role of permeability, fluid 
discharge temperatures) other fmdings shed new light on critical aspects of 
hydrothermal systems (relationships between faults, discharge times, recharge-
discharge relationships) or suggest alternative interpretations (dike injection, thermal 
cracking front). Despite the inherent simplifications and limitations, the application 
of numerical modeling techniques to research the general behaviour of a seafloor 
hydrothermal system on a regional scale has proven to be successful. New insight 
has been gained into how hydrothermal fluids move in the oceans crust, the localities 
and magnitude of hydrothermal fluid discharge and the timing and potential of 
massive sulfide ore body formation. Results obtained in this study will be applied 
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and compared with simulation results in chapter 5, which investigates an ancient 
massive sulfide hydrothermal system on a local scale. In chapter 6 and 7, the key 
findings will be used to attempt to construct an integrated model of how 
hydrothermal systems operate in terms of fluid migration and ore body formation as 
a function of their host rocks and the overall geotectonic setting. 
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ChanterS 
The Panorama VHMS model 
The Panorama district in the Archean of Western Australia was chosen for the study 
of the ancient hydrothermal system presented in this chapter. Exceptional exposure 
of the Archean Pilbara block reveals a cross-section of the Strelley belt through an 
Archean massive sulfide-hosting volcanic succession with an underlying subvolcanic 
intrusion. One of the biggest problems with hydrological modeling of hydrothermal 
systems in general is the lack of detailed geological information between the heat 
source and the local region of mineralisation. The Panorama district is exceptional in 
this regard, since the heat source, host rock succession, and associated deposits are 
directly exposed and have experienced only lower greenschist facies metamorphism 
and very low strain (Brauhart et aI., 1998). This excellent preservation provides a 
unique opportunity to examine a complete fossil hydrothermal system, from the heat 
source to the massive sulfide deposits, on a regional scale, and compare simulation 
results directly with field observations. 
5.1. LOCATION AND GEOLOGY OF THE STUDY AREA 
The Panorama massive sulfide district is located within the eastern Pilbara granitoid-
greenstone terrane in Western Australia, about 100 km southeast of Port Headland 
and 50 km west of Marble Bar (fig. 5.1). The regional and local geology are briefly 
summarised here; additional information can be found in appendix A 15. A five-fold 
division of the greenstones as suggested by Van Kranendonk and Morant (1998) is 
given below: 
The Coonterunah Group rocks comprise up to 6,000 m of mafic volcanic rocks, iron 
formation, chert and felsic volcanic rocks. It occurs mainly to the north of the 
Strelley granite and is the oldest known succession of supracrustal rocks in the 
Pilbara Craton (fig. 5.2). The Warrawoona Group consists mainly of basalt, chert 
and felsic lavas with tuffs. These units are found mostly to the east of the Strelley 
granite and are more than 5 km in thickness. The newly proposed Sulphur Springs 
Group, which hosts the ore deposits, is a succession of interbedded volcanic and 
sedimentary rocks and rests unconformably on the Warrawoona Group and 
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disconformably below rocks of the Gorge Creek Group. Rocks associated with the 
Gorge Creek Group include sandstone, various cherts including banded iron-
formation, shale, mudstone, and rare felsic volcanic rocks as well as ultramafic sills, 
which intrude the Strelley granite. This group immediately overlies the Kangaroo 
Caves formation southeast and west of the Strelley granite. The De Grey Group is a 
sandstone unit and occurs to the north of the Strelley granite. Units of basalt, shale, 
sandstone, and tuffs have been named the Fortescue Group and are found south and 
south east of the study area. 
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Figure 5.1 Regional geology of the Pilbara block, showing the location of the Panorama 
volcanogenic massive sulfide district (from Krapez, 1993). Thick and dashed lines denote major fault 
structures. 
The Strelley succession in this area, as defined by Morant (1995), is referred to here 
as the Sulphur Springs Group after Van Kranendonk and Morant (1998). In the study 
area it is made up of the Strelley granite with overlying volcanic strata of the 
Kangaroo Caves formation in the North, East, and South, comprising tholeiitic 
vo1canics and vo1caniclasts with local mafic intrusions at the base of the volcanic 
pile (Veamcombe et aI., 1998; Brauhart et aI., 1998; figure 5.3). These units are 
covered by widespread iron formation and turbidites of the Gorge Creek group. 
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5.1.1. VHMS Mineralisation 
Massive sulfide mineralisation in the Panorama district is preferentially developed 
below the Marker chert as stratabound Cu and Zn-rich sulfide lenses between the 
Strelley succession and the Gorge Creek Group (Brauhart et aI., 1998; Veamcombe 
et aI., 1998). Resources at Sulphur Springs have been given as 4.6 Mt at 6.8 % Zn 
and 2.2 % Cu (SIPA Annual Report, 2002), Kangaroo Caves with 1.7 Mt at 9.8 % Zn 
and 0.6 % Cu, and Bemts prospect with 0.6 Mt at 7.8 % Zn and 0.3 % Cu (Brauhart, 
1999). Subeconomic tonnages of comparable massive sulfides are present south of 
Bemts at Breakers, Man 0' War and Anomaly 45 (fig. 5.3). Veamcombe et al. 
(1998) noted, that mineralisation centres along the Strelley belt are located at semi-
regular intervals of about 10 km, which Brauhart (1999) attributed to the spacing of 
associated convection cells developing during the main stages of the hydrothermal 
system. 
5.1.2. Structure 
Brauhart (1999) has provided a summary of synvolcanic structures in the Panorama 
district. Two major sinistral displacement faults west of Sulphur Springs and 
between Kangaroo Caves and Brakers offset the volcanic pile by more than 1 km and 
are interpreted to be of late tectonic origin (Brauhart et aI., 1998; figure 5.3). All 
other faults are interpreted to be synvolcanic because they cut the volcanic pile but 
have progressively smaller displacements in the overlying sediments, with possible 
reactivation during later tectonic events (Brauhart et aI., 1998). Alteration zones are 
commonly focussed along the faults, and dacite sills are thought to propagate from 
these faults. The extent and nature of the alteration zones are strongly controlled by 
synvolcanic faults especially beneath the Sulphur Springs and Kangaroo Caves 
deposits as well as the Man 0' War prospect (see figure 5.4). Veamcombe et al. 
(1998) suggested an elevated graben structure containing synvolcanic faults 
associated with several fault splays, which are important in localising massive sulfide 
mineralisation. This type of setting is similar to massive sulfide mineralisation in 
modem back-arc environments (Brauhart, 1999). 
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Figure 5.4 Alteration facies within part of the Strelley succession with geological boundaries 
(adapted from Brauhart et aI., 1998). 
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5.1.3. Alteration 
Brauhart et al. (1998) define four major alteration facies associated with the 
Panorama district (fig. 5.4). These alteration zones are similar to semi-conformable 
alteration zones documented for other major VHMS districts (e.g., Iberian Pyrite 
Belt/Spain; Noranda, Flin Flon, Sturgeon Lake/Canada; Bergslaken district/Sweden; 
Galley, 1993; Vearncombe and Kerrich, 1999), which extend for hundreds of meters 
laterally and several hundred meters vertically: 
1. Background alteration: characterised by albite and/or K-feldspar-chlorite-
calcite and/or ankerite-quartz-pyrite±leucoxene±magnetite±sericite 
assemblages 
2. Feldspar-sericite-quartz alteration: a K-feldspar and/or albite-sericite-quartz-
ankerite-leucoxene±pyrite assemblage 
3. Sericite-quartz alteration: completely feldspar destructive and typically 
showing a quartz-sericite-leucoxene±ankerite±pyrite assemblage 
4. Feldspar-destructive chlorite-quartz alteration: defined by a quartz-chlorite-
sericite±leucoxene±hematite assemblage with pyrite ± base metals only 
occurring immediately beneath zones of mineralisation 
In general, all of the volcanic pile and the upper 1 to 2 km of the Strelley granite 
exhibit background alteration, except the later dolerite dike (Brauhart, 1999). The 
major alteration zones correspond to some degree with the local stratigraphy, i.e. 
most of the dacite shows feldspar-sericite-quartz alteration, while the andesite/basalt 
units exhibit predominantly chlorite-quartz alteration. Feldspar-sericite-quartz 
alteration affects the top of the volcanic pile, generally overlies the background 
alteration and includes transgressive alteration zones, which underlie the major 
massive sulfide deposits. Towards the base of the volcanic pile, chlorite alteration 
overprints the background alteration mineralogy, while zones of transgressive 
feldspar-destructive alteration extend from near the base of the volcanic pile up to 
the Marker chert and cross the semiconformable alteration zonation. The alteration 
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patterns are considered to be an indication of different rock penneabilities intrinsic to 
certain types of rock, i.e. chlorite-altered rock units possessed high rock penneability 
while background-altered units were less penneable. This distinction is made based 
on the fact that the chlorite alteration is the most intense and pervasive alteration 
assemblage and occurs predominantly in mafic volcanic rocks, which in general 
show higher rock penneabilities compared to felsic equivalents (see table 5.1). 
5.1.4. Sampling and field observations 
The limited sampling done as part of this study confinns previous observations by 
Brauhart (1999). Background alteration is characterised mainly by the partial 
replacement of feldspar phenocrysts by chlorite, quartz and some calcite and sericite 
(fig. 5.5 a). While most of the feldspar is albite, K-feldspar also occurs along with 
other minerals such as leucoxene and magnetite. Chlorite is developed as patchy 
aggregates between feldspar phenocrysts or as rims around larger quartz grains. 
Calcite also occurs as patches while sericite is mostly disseminated as small grains 
and laths. As noted by Brauhart (1999), this type of alteration is recognised by the 
feldspar preservation and the occurrence of calcite together with abundant chlorite. 
Due to the small amount of vesicles and initial volcanic glass existing in these rocks 
no significant reduction in porosity or penneability is implied by either alteration or 
diagenesis (C. Gifkins, pers. comm., 2002). 
The complete destruction of feldspar and the replacement by a chlorite-
quartZ±sericite±magnetite assemblage in the groundmass is the dominant feature of 
the chlorite-quartz alteration zone (fig. 5.5 a). Compared to the background 
alteration, chlorite is much more abundant and often fonns large interconnected 
aggregates surrounding coarser grains of recrystallised quartz. Other alteration 
minerals found are leucoxene and some iron-oxide staining around fractures, 
although this is likely due to surface oxidation. The intensity of alteration and 
absence of primary textures point to vigorous water-rock interaction in these rock 
units (andesite-basalt) and higher rock penneability compared to other rock units 
such as rhyolite, dacite, and granitic rocks. Due to few phenocrysts and vesicles seen 
in thin sections, no major change in porosity and penneability is expected, although 
the abundance of quartz and chlorite suggests a significant initial penneability. 
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Figure 5.5a Photographs of hand specimen of (A) dacite showing background alteration and (B) 
andesite showing chlorite-quartz alteration. Background alteration is characterised by the paJiial 
replacement of feldspar phenocrysts by quartz, some calcite and sericite while chlorite is developed as 
patchy aggregates between feldspar phenocrysts. Chlorite-quartz alteration shows complete destruction 
and replacement of feldspar by a chlorite-quartz±sericite±magnetite assemblage in tbe groundmass. 
Compared to the background alteration, chlorite is much more abundant and often forms large 
interconnected aggregates. Photomicrographs of (C) tbe background alteration within andesite-basalt 
showing partial replacement of feldspar by cWorite and quartz witb little sericite (PPL) and most of tbe 
original textures still preserved. D sbows the chlorite-quartz alteration in andesite-basalt witb all feldspar 
replaced by cWorite and quartz and the complete destruction ofprimary textures. Chlorite occurs as large 
aggregates and pervasively surrounds coarse-grained quartz grains (XPL). [PPL = plane polarised light; XPL = 
crossed polarised light]. ChI = Chlorite, Lx = Leucoxene, Ksp =K-feldspar, Mt = Magnetite, Qtz =Quartz 
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Figure 5.5b Photographs of hand specimen of (A) the sericite-quartz alteration zone, (B) the feldspar-sericite-quartz alteration zone and (C) the Sulphur Springs fault zone. The 
sericite-quartz alteration is dominated by milky quartz and abundant sericite; no feldspar is preserved. The feldspar-sericite-quartz alteration assemblage is very fine grained with 
dominantly K-feldspar and quartz as well as minor calcite and sericite. The fault zone connected to the Sulphur Spring deposit is shown in plate C and consists ofbands ofquartz of 
various thickness interlayed with strands ofsericite. These layers are deformed and disturbed by numerous fractures, which are often filled with coarser-grained quartz. 
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The distribution of the sericite-quartz alteration zone is very patchy and irregular 
(see figure 5.4) and samples show strong, pervasive alteration, the complete 
destruction of feldspar (fig. 5.5 b) and subsequent replacement with intimately 
intergrown fine grained sericite, which gives samples a bright yellow colour. Often, 
sericite is forming elongated, interconnected aggregates which fill vesicles and pore 
spaces between quartz grains.~-
A fourth type of alteration - the feldspar-sericite-quartz alteration - is shown 
in figure 5.5 band 5.5 c. This alteration is characterised by abundant K-feldspar and 
quartz with carbonate and minor amounts of sericite. Quartz often occurs as fine-
grained clusters and groundmass filling vesicles and pore spaces. In the field this 
type of alteration is distinguished from the background alteration by the 
predominance of K-feldspar which causes these rocks to be more susceptible to 
weathering than albite-dominated rocks (Brauhart, 1999). The other distinguishing 
features in terms of relative degree of alteration are the larger amount of secondary 
quartz present and the scarcity of sericite and chlorite. This may indicate that 
alteration temperatures were lower than those of the chlorite alteration zone, either 
because of its stratigraphic position (distal to the heat source) or its relative lower 
permeability. This is supported by the limited data on rock permeability available in 
the literature which indicate that dacites and rhyolites are less permeable than 
andesites and basalts, which will influence the general extent of hydrothermal 
circulation and the relative degree of alteration. 
Samples were also taken directly from the Sulphur Springs fault system. 
These show a very fine groundmass of quartz that is interlaced with bands of coarser-
grained calcite and quartz (fig. 5.5 band 5.5 c). Individual bands vary considerably 
in thickness and are often disturbed and offset. These offset zones clearly cut through 
individual bands and are made up of fine-grained quartz grains only. This could be 
an indication that repeated periods of quartz precipitation took place, which were 
subsequently disturbed by the influx of new silica-rich fluids. Although it is difficult 
to characterise a whole fault system based on a few samples, it nevertheless suggests 
that this fault system was highly permeable at some stage and the precipitation of 
quartz led to a significant reduction in permeability, probably in the waning stages of 
the hydrothermal system. 
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Figure 5.5c Photomicrographs of alteration zones and the Sulphur Springs fault zone of the Panorama district. A - Feldspar-sericite-quartz alteration in dacite. Abundant K-
feldspar and quartz with some chlorite and little sericite characterise this alteration assemblage, which also shows preserved textures (XPL). B - Sericite-quartz alteration in 
rhyolite. Sericite occurs pelvasively as diffuse zones especially between quartz aggregates (PPL). C - Sample of the Sulphur Springs fault zone made up ofquartz and sericite. Bands 
of coarser-grained quartz and sericite alternate with very fine-grained quartz band with little sericite. The displacement of these layers could signal repeated periods offluid flow 
(XPL). [PPL =plane polarised light; XPL =crossed polarised light]. Cc =Calci te, Chi =Chlorite, Ksp =K-feldspar, Ser =Sericite, Qtz =Quartz 
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5.1.5. The Panorama hydrothermal model 
Studies by Morant (1995), Brauhart et aL (1998), Huston et aL (1998), Veamcombe 
et aL (1998), Veamcombe and Kerrich (1999), and Brauhart (1999) have shown that 
most features of the Panorama massive sulfide district are similar to other 
Precambrian massive sulfide districts in Canada, the USA and Australia such as 
tectonic setting, alteration zonation, oxygen isotope signatures, petrography, and 
rock geochemistry. Most hydrothermal models propose convecting seawater as the 
dominant process controlling alteration zonation, timing, and their relation to 
mineralisation (e.g. Sato, 1972; Large, 1977, Large, 1992; Galley, 1993; Barrie, 
1999b). Based on this previous work the geological development of the Panorama 
district can be characterised briefly as follows: 
a) deposition of dominantly felsic volcanic rocks in a submarine extensional 
environment 
b) shallow intrusion of Strelley granite (inner phase granite intrudes outer phase 
granite) as sill and subsequent development of synvolcanic fault structures 
c) development of recharge zones of seawater with increasing temperature 
(semiconformable alteration zonation) 
d) development of discharge zones of evolved seawater (transgressive alteration 
zones, elevated 8180 values in underlying strata) preferably along faults 
e) discharge of hot (> 300°C), saline (~  3.5 wt % NaCl), metal-bearing 
hydrothermal fluids and precipitation of ore minerals preferentially above or 
adjacent to synvolcanic faults near the seafloor - seawater interface 
controlling stratigraphic position of massive sulfide deposits 
From oxygen isotope data and calculations by Brauhart (1999) it is most likely that 
the Panorama system formed from a seawater-dominated hydrothermal system. 
However, a possible magmatic component cannot be ruled out. Granite-hosted 
feldspar-destructive alteration zones and Cu-Zn-Sn veins in the Panorama district 
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indicate the involvement of a magmatic fluid based on isotopic evidence and fluid 
saturation textures (e.g. miarolitic cavities; Brauhart, 1999) as well as fluid 
inclusions showing elevated salinities up to 11 wt % NaCl (Folkert and Hagemann, 
2000). The evidence pertaining to both, the convection model and the magmatic 
model, have already been discussed in chapter 3.2. The capabilities of the convective 
seawater-dominated genetic model with a possible magmatic input as discussed by 
Brauhart (1999) will be tested here to produce the alteration zonation and ore bodies 
of the Panorama district. 
5.2. MODEL CONSTRAINTS 
The geological-hydrological model section for the Panorama district is based largely 
on the work of Brauhart et al. (1998), Brauhart (1999), Van Kranendonk (1998), and 
D. Huston (pers. comm, 2000). Figure 5.6 shows the numerical mesh describing the 
model section that will be used to perform numerical simulations and carry out the 
sensitivity analysis. In general, the model section describes the region from the 
Sulphur Springs deposit (fault 1) to the Bernts prospect (fault 5) with a six-fold 
stratigraphy: sediment cover, dacite-rhyolite unit, andesite-basalt unit, diorite, 
granite, and basement. Although the Bernts deposit is offset from the main 
stratigraphic sequence by fault displacement it is assumed that it belongs to the 
Sulphur Springs group and hence to the hydrothermal system based on alteration 
mineral distribution and fmdings by Buick et al. (2002), which correlate the fault-
bound outlier containing the Bernts deposit with the Sulphur Springs group. 
Brauhart (1999) has interpreted the dacite as a synvolcanic intrusive unit 
based on textural evidence, implying a sedimentary cover (turbidites). Therefore, a 
thin sedimentary cover of 50 m is added to the model section; this sedimentary cover 
can be considered analogous to modem-day sea floor sediments. Dacite extends from 
the western boundary approximately 20 km to the east and has a uniform thickness of 
350m. 
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Figure 5.6 Hydrological model section and numerical grid used to model heat and fluid flow in the 
Panorama district. All later figures show conditions within the dashed box since most hydrothermal 
activity occurs within the volcanic rock package; vertical exaggeration is 5: 1. 
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Because the rhyolite and dacite are not mapped out and have similar composition, 
they are assumed to possess similar hydrological properties and have been grouped 
together for this model. Together they form a single stratigraphic unit varying 
between 300 m and 900 m in thickness, partially covering the andesite/basalt unit 
with local thinning towards the eastern boundary. Andesite and basalt have not been 
distinguished in the field and will hence be treated as one unit, having averaged rock 
property data for both rock types. This rock unit underlies the dacite and parts of the 
rhyolite with an average thickness of about 650 m. The diorite forms a continuous 
layer of 500 m with local thickening to the southwest based on geological mapping 
by Brauhart (1999). Granophyre possesses similar properties as granite and is 
therefore not considered in the model. However, it forms a distinct layer (400 - 800 
m) between the granite and the volcanic pile and might have functioned as a heat 
shield and convection threshold. The granite is considered here as an intruded sill 
that spans the width of the modeling domain with a thickness of 4,500 m based on 
the outer-phase granite. An average thickness of 1,500 m for the volcanic pile has 
been assumed based on the dip of volcanic units in the field (Brauhart et al., 1998). 
Since there is no clear information available on the palaeogeography of the 
Panorama district the model does not include any topography. 
A number of faults extend vertically from the model-section surface into the 
granite. This assumption is supported by observations that at Kangaroo Caves 
feldspar-destructive alteration is linked to faults that connect with alteration in the 
underlying granite (Brauhart, 1999) and the later mafic intrusion of dikes along fault 
structures, which are assumed to be synvolcanic. Alteration systems with 
synvolcanic faults and their association with VHMS mineralisation have been 
recognised for various deposits (e.g. Hodgson and Lydon, 1977; Franklin et al., 
1981; Berry et al., 1992; Large, 1992) and this feature has been incorporated in most 
models for volcanic-hosted massive sulfide mineralisation such as those by Lydon 
(1988) and Galley (1993). Underlying the granite is a basement volcanic-
sedimentary layer belonging to the Six Mile Creek and Leilira formation and 
consisting mostly of mafic to minor felsic volcanic rocks and sandstone with 
mudstone and chert. 
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Temperature estimates for felsic intrusions generally range between ~ 600°C and 
1,100°C (Barrie, 1995). For the Strelley granite, a minimum emplacement 
temperature of 820°C for the outer phase and 780°C for the inner phase has been 
estimated based on zircon saturation measurements by Brauhart (1999). Therefore, 
an initial temperature of 800°C was chosen, representing an intruding granitic sill. 
Calculations by Brauhart (1999) based on an An30-water fractionation curve 
and 8180 data of the volcanic pile suggest alteration temperatures between 150°C and 
350°C (fig. 5.7). High temperatures (> 300°C) are associated with chlorite alteration 
along the granite contact and the top of the volcanic pile directly underneath the ore 
bodies. This temperature distribution corresponds well with alteration patterns 
mapped by Brauhart et al. (1998), which show sub-lateral distribution of alteration 
zones in corresponding rock units. Low-temperature alteration is mainly distributed 
in the upper part of the volcanic package (compare figure 5.3 with figure 5.4). These 
temperature calculations will be used as a guideline when comparing simulation 
results with field observations. 
5.2.1. Rock properties 
Numerous data are available in the literature for porosity, permeability, and thermal 
conductivity of granite (e.g. Norton and Knapp, 1977; Clauser, 1991; Morrow and 
Byerlee, 1992) as well as basalt (e.g. Skibitzke and Da Costa, 1962; Karato, 1983; 
Anderson and Newmark, 1985; Fisher et aI., 1997). For these rocks, values for 
permeability, porosity and thermal conductivity were averaged, while data that were 
evidently abnormal (i.e. due to fracturing of tested samples) were excluded (Table 
5.1). Few data are available on andesite; since andesite and basalt are treated here as 
one unit, values for this unit have been pooled from andesite and basalt values in the 
literature. Rock property values for sediments are readily available in the literature 
(e.g. Becker et aI., 1985; Fisher and Narasimhan, 1991; Snelgrove and Forster, 1996) 
but as for the Lau model, lower end values have been applied. While there are some 
published porosity and thermal conductivity values for rhyolite and dacite (Clarke, 
1966; Grindley, 1970; Russel and Stasuik, 1997) no precise permeability data exist in 
the literature to the authors knowledge. 
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Table 5.1 Initial rock properties for the Panorama model 
Rock unit Permeability Porosity Thermal conductivity Source 
(m2) (%) (W/m*C) 
Sediments 5x1O-'8 1 2.0 Fisher and Narasimhan (1991) 
Becker et al. (1985) 
Sne1grove and Forster (1996) 
Rhyo1ite 2.5x1O-16 12 1.5 Stevenson et al. (1993) 
Stevenson et al. (1994) 
Carter et al. (1998) 
Dacite 2.5x1O-16 12 1.5 Russell and Stasiuk (1997) 
Rust et al. (1999) 
Andesite/ 2x10-15 8 1.5 Becker (1990) 
Basalt Bruns and Lavoie (1994) 
Fisher et al. (1997) 
Diorite 10-18 0.1 2.0 Norton and Knapp (1977) 
Zoth and Haene1 (1988) 
Granite 10-18 0.1 2.5 Kranz et al. (1979) 
Morrow and Byerlee (1992) 
Morrow and Lockner (1997) 
Basement 5x1O-18 1 2.0 estimated 
Faults 2.5x1O-14 30 2.5 estimated 
Indirect permeability measurements from modem geothermal fields which include 
rhyolite such as Wairakei (Hunt and Kissling, 1994) and Rotorua (Allis and Lumb, 
21992) have been reported ranging from 10-18 ~ to IQ-I0 m • From these studies, a 
value of 2.5xlO-16 m2 has been adopted for rhyolite and dacite. Few published 
permeability data exist for diorite (Morrow and Byerlee, 1988) so that other rock 
properties (thermal conductivity, porosity) had to be estimated (see table 5.1). 
5.2.2. Boundary conditions 
As in the Lau models, boundary layers are imposed here so that the top boundary is 
defined by low-permeability sediments. Primary fluid exchange is assumed to take 
place through faults, which allow for heat and fluid exchange. Side boundaries, 
represented mostly by impermeable granite, are closed to heat and fluid flux, as is the 
lower boundary. As before, the initial temperature distribution is linear within the 
solution domain and initial fluid flow velocity is set to zero. The lower boundary will 
be represented by an intruded granitic sill with a temperature of 800°C that is 
allowed to cool. Subsequent simulations will also test a steady heat flux from the top 
of the granite. 
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5.2.3. Structure 
Volcanic rock units are horizontal for the most part, except at the rhyolite - diorite 
interface, which is well constrained by the local geology (fig. 5.3); all other rock unit 
boundaries have been simplified. The granite is assumed to be a sill over the whole 
length of the model-section and five major faults have been included on the 
assumption that they represent synvolcanic features (Gibson et aI., 1999), based on 
the fact that they cut the volcanic pile, but have progressively smaller displacements 
in the overlying sediments (Brauhart, 1999; see also figure 5.4). Fault width for the 
mesh-incorporated faults extending into the inner phase of the granite has been set to 
300 m based on observations by Van Kranendonk (1998) and D. Huston (pers. 
comm., 2000). The vertical extent of the faults is based on the assumption that later 
mafic intrusions trace individual faults into the granite and faults therefore had direct 
contact with the intrusion. Due to the nature of the initial intrusion as a sill, fault 
extent into the granite was set to 1.5 km to allow direct contact between faults and 
the heat source. To construct the model-section, the geological map of Brauhart et al. 
(1999) has been used and stratigraphy flattened out. Rock layer thickness has been 
recalculated to compensate for the general dip of about 700 and consequently faults 
attained a subvertical attitude. Fault 2 does not reach to the seafloor but terminates at 
the top of the andesitelbasalt layer (fig. 5.6). This relationship is supported by the 
fact that alteration patterns between Sulphur Springs and Kangaroo Caves suggest 
that fault 2 was less active or did not reach to the top of the volcanic pile compared 
to fault 4 (see figure 5.4). Later mafic intrusions showing a different extent for both 
faults may also imply a more active role for fault 4. The area southeast of the Bernts 
prospect has been incorporated stratigraphically but not structurally (i.e. no faults 
have been added) to avoid unnecessary complication. Furthermore this part of the 
system probably had a separate history based on field observations and isotope work 
(D. Huston 2000, pers. comm.). 
5.2.4. Starting conditions 
Table 5.1 shows rock properties and initial conditions selected for the start of the 
simulations. A lOO-fold difference between vertical and horizontal permeability 
(horizontal permeability Khorizontal is 100 times larger than vertical permeability 
Kvertical) is adopted here from the Lau basin model to facilitate horizontal fluid flow 
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and all referenced rock permeability values describe averaged permeability values. In 
addition to findings by Rosenberg et al. (1993), Dickson et al. (1995), Fisher and 
Becker (1995) supporting a general anisotropic permeability distribution in seafloor 
volcanics (see chapter 4.3.2.), Brauhart (1999) describes graded bedding in 
sediments and pillows, pillow lavas and hyaloc1astic beds in the volcanic package 
that surrounds the Strelley granite. Together with the general intrusive nature of the 
dacites into unconsolidated sediments these observations indicate, that similar 
anisotropic permeability conditions existed within the Panorama volcanic rock 
package. 
The numerical mesh describes a length of 40 km by 6.5 km with 1,792 
elements. It is assumed here that the Strelley granite formed by the initial 
emplacement of a thin granitic sill, possibly in the dimensions of the porphyritic 
granite directly in contact with the volcanic package. This sill then expanded due to 
successive melt ascent and the ballooning of the granite mass to its present shape. 
This process is evident in the intrusion features between the inner and outer phase of 
the granite as well as the granophyric phase, which may have formed as a result of 
rapid cooling upon emplacement of the granite. The triangular shape of the inner 
phase and the radial fractures associated with greisen veins in the outer phase are 
probably caused by the intrusion of the inner phase into the outer phase (M. Van 
Kranendonk, written comm., 2000). The role of the diorite directly overlying the 
granophyric phase is not well understood but it is assumed to have acted as a buffer 
with regard to heat transfer. This might partially explain the apparent temperature 
discrepancy between temperatures inferred from alteration assemblages (~  450°C) 
and the intrusion temperatures of the granite (~  800°e). A time frame of 500,000 
years was chosen for this model since all modeled hydrothermal activities ceased 
after about 250,000 years except simulations with a constant heat supply, which are 
considered separately. 
5.3. NUMERICAL MODELING 
Initial modeling was carried out to verify that simulations successfully develop a 
convective system and selected rock properties allow the formation of a 
hydrothermal system. Hydrothermal convection is initiated shortly after the start and 
significant fluid flow patterns emerge after about 300 years (fig. 5.8 a). 
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Figure 5.8a Modeling results for A) the Panorama model showing B) temperature distribution, and C) 
fluid flow distribution for initial conditions after 300 years. Buoyancy-driven fluid flow has initiated 
hydrothermal convection within the most permeable rock unit (andesite/basalt layer) with early fluid 
discharge through fault 1 and fluid recharge through fault 3,4, and 5. The maximum temperature of fluid 
discharge for fault 1 is 350°C. 
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Convection cells develop southwest of fault 1 and fluid discharges mainly through 
fault 1 with temperatures reaching 350°C and maximum fluid velocities of around 
7xlO-7 m/s. Results from simulations at 7,500 years (fig. 5.8 b) show fault 3 as main 
recharge zone and faults 1 and 5 as discharge faults. Temperatures within the 
volcanic package range from 50°C at the top of the domain to about 450°C near the 
andesitelbasalt-diorite interface. This temperature range within the volcanic pile is 
more or less consistent with observed alteration mineralogy (max. 450°C for chlorite 
alteration; Miyashiro, 1994) and predictions made by Brauhart et aL (2001). After ~ 
50,000 years (fig. 5.8 c) fluid velocities drop to < lxlO-8 m/s and discharge 
temperatures in faults 1 and 5 decrease below 150°C, as the hydrothermal convective 
system gradually shuts down. Some fluids rebounding from the western boundary are 
also observed due to the 'boundary effect' already discussed in chapter 4. 
To highlight temperature distribution and its implications for the distribution 
of alteration facies, cumulative water-rock ratios are plotted in figure 5.9. Highest 
water-rock ratios do occur immediately around faults with lower alteration predicted 
within the volcanic pile. Significantly lower water-rock ratios are distributed below, 
and on top of, the volcanic rock pile. There is comparably little alteration predicted 
to occur towards the granite due to the low fluid flux. A more comprehensive 
discussion regarding calculated water-rock ratios and a comparison with field data is 
provided later. As noted before, not all simulation results are shown here; additional 
results can be found in the appendix section (appendices A 18 to A 31). 
5.3.1. Sensitivity analysis 
Based on preliminary simulations, the sensitivity analysis has been designed to test 
variations of key rock properties, fault placement, fault permeability and also heat 
input and their influence on heat and fluid flow within the volcanic rock successions 
(Table 5.2). Results here can be directly compared with detailed field observations 
and will give important indications for the most likely conditions responsible for the 
formation of the Panorama massive sulfide deposits and associated alteration 
zonation. 
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Figure 5.8b B - Heat flow and C) fluid flow distribution for initial conditions after 7,500 years. Results 
show main discharge and recharge regions as well as preferential fluid flow within the andesite/basalt 
rock package. Fault 3 acts as the major recharge fault, whereas fault I and 5 act as discharge faults. The 
maximum temperature of discharge is indicated (250°C for both faults). Fluid circulation to the East of 
fault 5 is caused by the low permeability of the diorite layer, forcing fluids to move within the more 
permeable andesite/basalt layer. 
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Figure 5.8c B - Heat flow and C) fluid flow dist1ibution for initial conditions after 50,000 years. The 
hydrothermal system is shutting down and fluid discharge temperatures through fault 1 and 5 drop below 
150°C. Little fluid circulations is predicted within the volcanic rock package; fluid flow East offault 5 is 
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Figure 5.9 Cumulative mass water-rock ratio distribution for initial simulations after 500,000 
years. Highest values (> 300) are predicted to occur around faults, while most other regions display 
much lower values (~  1-5). 
5.3.1.1. Physical rock properties 
As shown earlier in the Lau basin model, the most important parameter in fluid flow 
modeling is the permeability of faults and rock units. The choice of rock 
permeability, and fault permeability will determine the direction and magnitude of 
heat flow and fluid flux. Although changes in porosity and thermal conductivity, 
investigated in chapter 4, only exhibit a local influence on heat and fluid migration in 
the Lau basin model, these parameters will be tested here to see if a more detailed 
hydrological model is more susceptible to variations in these parameters. 
Table 5.2 Rock property data selected for sensitivity analysis 
Rock unit Permeability variation Porosity variation Thermal conductivity variation 
(m2) (%) (W/m*C) 
Rhyolite/Dacite 2.5xlO-14 - 2.5x 10- 17 1- 20 1.2 - 3.7 
AndesitelBasalt 2x10-13 - 2x10- 16 1 - 25 0.8 - 3.2 
Faults 2.5xlO- J2 - 2.5x10-16 30 2.5 
Note: No permeability changes have been made to granite, sediments and diorite due to their assumed 'impermeable' nature. 
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5.3.1.1.1. Rock permeability 
In order to estimate the influence of permeability changes between rock units as well 
as within rock units, values for most rock types and all faults were systematically 
changed. Since the permeability of the granite and diorite is fairly well constrained, 
and are generally regarded as "impermeable" (Norton and Knapp, 1977; Morrow and 
Byerlee, 1992), they were not varied in this analysis. Results from initial calculations 
served as a reference frame. 
Increasing rock permeabilities by one order of magnitude (andesitelbasalt 10-14 
m2; diorite/rhyolite 10-15 m2) leads to the formation of numerous convection cells in 
the andesitelbasalt layer after ~ 300 years due to increased permeability allowing 
increased fluid flow mobility and velocities (fig. 5.10). As the system evolves, fluid 
discharge occurs through faults 1 and 4 with temperatures reaching 300°C, while 
faults 4 and 5 act as recharge areas throughout simulations. The size of convection 
cells increase and discharge patterns shift to faults 3 and 5, while fault 4 becomes a 
recharge zone. After about 75,000 years, the system has cooled down and discharge 
temperatures drop below 150°C. Further increase of rock permeabilities causes 
significant numerical errors (Table 5.3). These numerical errors occur because 
calculated solutions violate the Peelet (P) and Courant criteria (C) as defined by 
Daus et al. (1985). 
In contrast, simulations with lower rock permeabilities (10-16/10-17 m2) show a 
later start of hydrothermal fluid convection (~  1,000 years) and an early 
simultaneous development of discharge and recharge zones (fig. 5.11). Early fluid 
discharge after ~  1,000 years occurs through faults 1, 4, and 5 (fig. 5.11 a), while 
after 30,000 years faults 1 and 5 emerge as main discharge conduits (fig. 5.11 b) with 
faults 3 and 4 facilitating fluid recharge. Discharge temperatures reach 400°C and 
discharge fluid velocities are about 10-6 m/s. After 30,000 years, convection patterns 
begin to weaken, fluid velocities drop and the recharge area has expanded by 
incorporating fault 4. Discharge temperatures rapidly decrease below 200°C and two 
convection cells develop northwest of the fault system as the hydrothermal system 
begins to wane. Fluid discharge generally falls below 150°C after about 150,000 
years except for fault 1, indicating longer hydrothermal fluid activity compared to 
higher rock permeabilities (see also table 5.3). 
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Figure5.10 Fluid and heat flow distribution at high rock penneability. A - Several convection cells 
develop early in the life (300 yrs) of the hydrothennal system due to increased fluid flow within the 
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increases significantly with time (7,500 yrs) and other faults produce hydrothennal discharge; fault 3 
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Figure5.11 Predicted heat and fluid flow distribution at low rock permeability. A - Hydrothermal 
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157 
Table 5.3 Summary of sensitivity analysis for the Panorama model showing permeability, discharge duration, fluid velocities, venting temperatures and 
alteration characteristics. 
Rock permeability Fault permeability Discharge Recharge Discharge duration Discharge velocity (m/s)2 Venting temperature (0C) Alteration 
(m2) (m l ) faults faults (years)1 (maximumJavera~e) (max. w-r ratios) 
2.5xI0·" 3 1,4 -153000 8xI0·'/4.5xI0·' 150 - 250 low except in faulls 186 
very low 5 - 47400 6xI0·8I2xI0·8 150 - 250 
Andesite/Basalt 2.5xI0· 14 I 3,5 - 192500 2xlO' /lxl0" 150-250 low except in faulls 152 
2xI0· 17 4 -183000 IxI0"/4x I0.8 150- 300 
RhyolitelDacite I 3,5 - 95000 < Ixl0" 150 low except in faults 54 
2.5xI0· 18 2.5xI0· 15 4 - 165000 2xI0·8/1xI0·' 150 - 200 
5 -6000 < Ix10·8 150 
2.5xI0·" I 3,5 - 109300 2x10' IIx10' 150 - 300 low except in faults 509 
low 4 -45500 9x 10·'/4.5x 10" 150 - 350 
AndesitelBasalt I 3,4 - 229500 6xI0'/3xI0' 150 - 400 low except in faults 285 
2xI0'" 2.5xI0·\4 4 -5200 lxl 0"/6xl 0" 150 - 400 
RhyoJitelDacite 5 - 43100 4xI0"/lxI0" 150 - 350 
2.5xI0· 17 2.5xI0· 3 1,5 - 139800 4x10' /2xIO" 150- 250 some medium alteration between 
4 
- 117400 3x 10"/1.5x 10.8 150- 250 faulls and left of faults 121 
2.5xI0·1) I 1,3,4 - 30300 IxIO' 15x10' 150- 250 low except in faulls 973 
3 -2600 IxI0"/9x I0" 150 - 200 
medium 4 -1300 3xI0·'/l.5xI0·' 150- 300 
Andesitel8asalt 5 -45600 5xI0·'/3.5xl0·' 150 - 200 
2x10-15 1 3,4 -45800 6x10' 14.5x10· 150 - 350 low except in faults 314 
RbyoliteJDacite 2.5x10·\4 4 -2800 7x10"/4x10" 150 - 350 
2.5x10-" 5 -12600 4x10·'/2.5x10·' 150 - 300 
I 3,5 - 177800 7x10' 14x10' 150- 300 high - very high overall 84 
2.5xI0· 15 3 -24200 8x I0·8/5x I0.8 150 - 300 
4 -44200 3xlO'8/2.5xl0·8 150 - 300 
I 3,4,5 - 12200 2xl0'/lxl0' 150 - 250 low ·medium within faulls and left of faults, high 
2.5xI0· 13 3 -1000 4x 10"/2x 10" 150- 250 around fault I 1521 
high 4 -1700 4xI0"/2xI0" 150 - 250 
Andesile/Basalt 5 -7100 3xI0"/lxI0" 150- 300 
2xl0·\4 1 4,5 - 34000 Ix I0"/9x 10' 150- 300 medium to very high overall 382 
RhyolitelDacite 2.5xl0·\4 3 - 11100 4xIO"/2xI0" 150- 300 
2.5x 10.15 4 -2000 5xIO"/3xI0" 150 - 250 
5 -9200 2xI0"/lxl0" 150 - 250 
2.5xl0·I> I 4,5 - 99300 Jxl0·'/4.5xI0· 150 - 350 high to very high overall 469 
3 -9400 5xl 0"/5x I0" 150 - 300 
very high 2.5xI0'" 1,3,4,5 5 
AndesitelBasalt 
2xI0· 13 2.5xI0· 14 1,3,4,5 5 
RhyolitelDacite large numerical errors during calculations causing erratic recharge and discharge patterns 
2.5xI0· 14 2.5xl0'" 1,3,4,5 5 
Note. Bold numbers refer to reference slmulatlOn used m the sensitIVIty analysIs. Faults can act as recharge and discharge zones at different times; only faulls showmg slgmficant recharge are noted here. 
I defmed as fluid discharge having temperatures? 150'C 
.... 
Ul 2 average calculated from maximum and minimum recorded fluid velocity values for discharge temperatures? 150 'C QC 
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This simulation would correspond to a short-lived but high-temperature 
hydrothermal system (i.e. a Cu-Au rich, but small VHMS). 
Decreasing rock permeabilities further (10-17/10-18 m2) yields similar results 
but fluid circulation starts much later (~  10,000 years) due to the delayed onset of 
hydrothermal convection caused by lower rock permeability. Discharge and recharge 
patterns are the same but discharge temperatures are somewhat lower (Table 5.3). 
After 75,000 years the system cools down rapidly and venting temperatures drop to 
about 50°C after ~ 200,000 years. No convection cells develop at lower rock 
permeabilities within the volcanic rock units resulting in less vigorous fluid 
circulation and mostly conductive fluid flow distal to faults. Simulations at such low 
rock permeabilities predict generally low water-rock ratios indicating that these 
conditions are unlikely to reflect the setting in the Panorama area; no further rock 
permeability decrease was investigated. 
5.3.1.1.2. Porosity 
Besides permeability, porosity can be an important rock property and since the 
Panorama model differs from the Lau model in many respects, porosity is also 
investigated here to determine its effect on heat and fluid flow distribution and to see 
how results might differ from the Lau basin model. Again, minimum and maximum 
porosity values were applied relative to average data for the volcanic packages (see 
table 5.4). Increasing porosity values lead to elevated heat and fluid transport 
resulting in longer discharge duration and rising temperatures but little change in 
fluid velocity. At intermediate porosity a switch in fluid discharge occurs, where 
fault 5 becomes active and activity in fault 4 decreases. Overall, simulations predict 
that higher porosities may lead to longer discharge duration and higher discharge 
temperatures for individual faults but little change in fluid velocities over the range 
of rock porosities investigated. These findings differ significantly from results 
obtained for the Lau basin model, where no significant changes were observed, and 
emphasise the caution that should be taken when interpreting results obtained from a 
single and specialised model. The Panorama model differs from the Lau model in 
many aspects such as stratigraphy, fault distribution, or the heat source and as a 
consequence changes in modeling conditions such as porosity can influence heat and 
fluid flow differently. Here, the proximity of th~  heat source to both faults and rocks 
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of high penneability is likely to cause changes in the predicted duration of fluid 
discharge and discharge temperatures, while fluid velocities experience little change. 
Table 5.4 Comparison of modeling results for different porosity values 
Porosity (%) Discharge duration (years) Tmax("C) Average discharge velocity (m1s) 
fault 1 fault 4 fault 5 fault 1 fault 4 fault 5 fault 1 fault 4 fault 5 
1 (Rhy/Dac) -
1 (AndfBas) 127400 108600 - 250 300 1X 10-1 lxlO-1 
-
[minimum] 
12 (Rhy/Dac) 
8 (AndfBas) 229500 13600 56000 350 400 300 1.5xl0-1 2.5xlO-1 1.5xlO-1 
raveragel 
20 (Rhy/Dac) -
25 (AndfBas) 227000 148600 - 300 350 lxlO-1 lxlO-1 -
[maximum] 
Average values used for initial simulations are considered valid since no significant 
change in porosity is inferred for the volcanic rock package (i.e. no significant 
reduction of pore space due to devitrification or the destruction of vesicles) and 
while no significant change in porosity is expected for the Panorama model, the 
porosity of volcanic rocks in other volcanic environments (i.e. pumicious flows or 
volcanoclastic sandstones) could influence fluid migration significantly. 
5.3.1.1.3. Thennal conductivity 
Previous modeling efforts with different values of thennal conductivity for the Lau 
basin yielded no significant changes in the discharge behaviour. As for porosity, 
simulations with minimum and maximum thennal conductivity values were run (see 
table 5.5). High thennal conductivity leads to a significant decrease in discharge 
duration for faults 1 and 5 while maximum discharge temperatures remain 
unchanged (fault 1) or rise as well (fault 5). 
Table 5.5 Comparison ofmodeling results using varying thermal conductivity 
Thermal conductivity Discharge duration (years) T.... (°C) Average discharge velocity (m1s) 
(W/m*C) fault 1 fault 4 fault 5 fault 1 fault 4 fault 5 fault 1 fault 4 fault 5 
1.2 (Rhy/Dac) 
0.8 (AndfBas) 209500 13600 46000 350 450 200 2xlO-1 3xlO-1 9xlO-8 
[minimum] 
1.5 (Rhy/Dac) 
2.0 (AndfBas) 229500 13600 56000 350 400 300 1.5xlO-1 2.5xlO-1 1.5xlO-1 
[average] 
3.7 (Rhy/Dac) 
3.2 (AndfBas) 79500 43800 1700 350 350 350 4xlO-1 lxlO-1 3xlO-1 
[maximum] 
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At the same time fluid velocities increase for both faults, indicating increased heat 
and fluid flow, which increases fluid discharge. Fault 4 however displays the 
opposite behaviour; fluid discharge duration increases and fluid velocities and 
discharge temperatures drop. This might be explained by a switch in discharge 
priority within the fault system, where at low thermal conductivity, hydrothermal 
activity in fault 4 increases with higher temperatures and fluid velocities (see table 
5.5). This shift of hydrothermal activity from fault 4 to fault 5 is attributed to the 
geometry of the model, since the andesite/basalt layer around fault 5 thins out and 
therefore at higher thermal conductivities increased heat and fluid flow is diverted to 
fault 4. Overall, results show that increased heat flow by conduction and advection 
causes a general decrease in discharge duration and temperature but a significant 
increase in fluid velocities. As for porosity, thermal conductivity in this model shows 
a distinctly different behaviour and corrfrrms that this model is probably more 
susceptible to changes in thermal conductivity due to its smaller scale, more detailed 
geology/stratigraphy and lower temperatures involved. 
5.3.1.2. Fault permeability 
As is evident from simulation results presented earlier (Table 4.3 and 5.3), fault 
distribution and permeability determines recharge and discharge patterns of 
circulating hydrothermal fluids and influences fluid velocity and discharge 
temperatures. From initial simulations it can be seen that discharge patterns do not 
reproduce results consistent with discovered ore deposits. For example, in the initial 
model (fig. 5.8 a - c) maximum fluid discharge occurs through faults I and 5, yet the 
major ore bodies are located above faults I and 3. To test discharge and recharge 
behaviour as well as circulation patterns, fault permeabilities for all faults have been 
systematically changed. 
• low fault permeability - 2.5xl 0-15 m2 
At low fault permeability no significant fluid discharge is recorded except at higher 
rock permeabilities, where faults I and 3 exhibit high fluid flow (lxlO-6 m/s) and 
discharge temperatures up to 350°C; other faults become insignificant compared to 
faults 1 and 3 (fig. 5.12). 
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Figure 5.12 Fluid discharge behavior at low fault permeability demonstrating significant fluid 
discharge only at high rock permeabilities. Discharge temperatures also increase with rising rock 
permeabilities, while hydrothermal fluid discharge duration is highest for low rock permeabilities. 
Discharge duration is defmed as fluid discharge with temperatures> 150°C. Fault 2 is not included 
here since it does not extend to top of the model-section and hence does not exhibit fluid discharge 
(see also figure 5.6). R = recharge 
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Discharge duration - defined as hydrothermal fluid discharge with temperatures > 
150°C - on the other hand shows the reverse trend; shortest discharge duration occurs 
at high rock permeability and increases as rock permeability decreases, caused by 
increasingly restricted fluid flow and heat transport allowing less fluid to traverse 
faults and thus extending discharge duration. Overall, faults 1 and 3 as the main 
discharge faults are most effective at high rock permeabilities, where discharge 
duration is short. 
• average fault permeability - 2.5x10-14 m2 
A major change occurs at average fault permeability (fig. 5.13). Significant 
hydrothermal activity is predicted for a range of rock permeabilities in faults 1, 4, 
and 5 with recorded discharge temperatures of up to 400°C for fault 4 and fluid 
velocities similar to those at low fault permeability. Discharge duration declines 
further due to higher overall fault permeability allowing more fluid to escape through 
faults and cooling the hydrothermal systems more effectively. As before, fault 1 
shows the most intense hydrothermal activity in terms of fluid velocity and discharge 
duration, indicating that it probably was the most active fault during the life of the 
hydrothermal system leading to the largest deposition of base metals (Sulphur 
Springs). Favourable conditions of combined high discharge temperatures (~300°C),  
high discharge velocities (> 6xlO-7 m/s) and longest discharge duration (> 200,000 
years) occur for fault 1 atlow rock permeability (* in figure 5.13). 
• high fault permeability - 2.5xlO-13 m2 
Maximum fault permeabilities promote highest fluid discharge velocities (4xlO-6 
m/s, figure 5.14) which, for the high rock permeability scenarios, also produce lower 
discharge temperatures. Again fluid flow rises with increasing rock permeability and 
discharge duration decreases to its lowest values (~  7,000 years). While fault 5 had 
previously only shown minor activity, it exhibits a significant increase in discharge 
temperature and fluid velocity for the high rock permeability scenario. This might be 
explained with the location of fault 5 close to the termination of the andesite/basalt 
layer. 
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Figure 5.13 Hydrothennal fluid discharge at average fault penneability shows a significant 
increase in fluid discharge temperatures and velocities occurs while overall discharge duration drops 
further. Major hydrothennal activity is predicted in fault 1 and 4 at most rock penneabilities, while 
fault 3 is only activated at high rock penneability. Again, discharge duration decreases as 
penneabilities increase. (* is considered best case scenario). R = recharge 
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Figure 5.14 At high fault permeability, significantly higher fluid discharge velocities are 
recorded coupled to a general decline in discharge temperature. Fault 5 increases its overall activity 
and for the fIrst time all four faults exhibit high fluid discharge velocity (for high rock permeability 
scenarios). As for other fault permeabilities, fluid discharge duration is maximised at lower rock 
permeability due to restricted fluid movement, enabling extended hydrothermal fluid discharge 
compared to higher rock penneability. R = recharge 
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At low rock and fault permeability, little fluid is directed to fault 5 but as 
permeability rises, more fluid circulates within permeable rock units and at high 
values, fluid flow becomes fast and vigorous enough for fault 5 to become more 
active. Clearly, simulations at high fault permeabilities predict highest fluid 
discharge velocities and all four faults exhibit significant hydrothermal activity. 
Fluid discharge is not as continuous and steady as at lower permeabilities and faults 
may switch between discharge and recharge behaviour. This is attributed to 
increasing permeability differences in adjacent mesh elements causing some 
numerical errors expressed as rapidly changing flow patterns; however this has no 
impact on the overall results. 
5.3.1.3. Significance offaults 2 and 4 
As noted earlier, five faults were incorporated into the model section (four faults 
reach the upper model section boundary) to simulate heat and fluid flow in the 
Panorama district (see figure 5.6). Alteration distribution patterns around faults 2 and 
4 from Brauhart et al. (2000) can be interpreted to indicate that these faults were 
established or activated after the main hydrothermal event. On the other hand, it is 
possible that one or both faults were active during the evolution of the hydrothermal 
system and have subsequently been eroded or otherwise obscured. To investigate 
how these two faults influence the overall hydrothermal regime, simulations were 
performed without fault number 4 and also by extending fault 2 to the surface to 
enable fluid recharge and discharge through all five faults; results are summarised 
below: 
Removal of fault 4 leads to a general increase in hydrothermal activity for 
fault 5 and only one scenario with significant fluid discharge for fault 3 (see 
appendix A 16). Fluid velocities are comparable and discharge temperatures are 
elevated in most simulations, while recharge is confmed mainly to fault 3. This fault 
setup suggests main hydrothermal activity at faults 1 and 5 and fluid recharge 
through fault 3, making it unlikely that an ore body would form above fault 3 
(Kangaroo Caves deposit). 
Results from simulations incorporating all faults extending to the surface of 
the model section show that convection patterns deviate significantly from fmdings 
under initial conditions (see appendix A 17). Faults 2 and 4 control fluid discharge in 
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simulations with low permeability and fluid recharge occurs through faults 1, 3, and 
5, while at higher permeability values, recharge switches from faults 1, 3, and 5 to 
predominantly 2, 3, and 4. Fluid discharge velocities increase, as do discharge 
temperatures, but fluid discharge duration decreases dramatically for most 
simulations. This scenario suggests that the inclusion of an additional fault 
intensifies the hydrothermal system, producing generally more intense fluid 
circulation, hydrothermal fluid discharge and venting temperatures. The life span of 
the hydrothermal system however decreases significantly and discharge patterns do 
not favour the formation of the massive sulfide ore body distribution seen in the 
field, i.e. only one simulation predicts any hydrothermal activity at faults hosting 
known massive sulfide ore deposits. How these models compare with field 
observations and the genetic model of the Panorama district investigated here will be 
discussed in a later section. 
5.3.1.4. Fault extent 
Another feature that has been tested with regard to its influence on the ore body 
formation is the fault extent, considered important in controlling the amount of heat 
transferred between the granite and the overlying volcanic rock package. The 
original fault extent in the numerical model section (fig. 5.6) is based on the fault and 
dike extent recorded by Brauhart et aL (1998; see also figure 5.3). Numerical 
simulations with a significantly shorter fault extent (top of numerical model section 
to top of granite) yield a reduction in all aspects: general discharge temperatures are 
lower and overall fluid discharge velocities and discharge duration decrease 
drastically (fig. 5.15). Water-rock ratios are also lower and these results suggest that 
a fault system that does not allow sufficient heat exchange (i.e. extents into the upper 
part of the heat source) will severely limit hydrothermal fluid flow and thus reduce 
the likelihood of the formation of significant massive sulfide deposits. While it is not 
possible to determine the fault extent necessary to create the hydrothermal system 
responsible for the Panorama massive sulfide ore deposits, it is judged that an extent 
beyond the top of the Strelley granite is needed to produce fluid discharge 
temperatures calculated by Brauhart et aL (2000). 
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FigureS.IS Comparison of (A) nonnal fault extent versus (B) short faults (top of section to top of 
granite; see figure 5.6). The top sections show heat flow after 3,500 years indicating that the system with 
short fault extent is much less hydrothennally active in both fluid convection and fluid discharge. The 
lower graphs compare the (C) discharge temperature and (D) fluid velocity profiles for fault I. Discharge 
temperatures, fluid velocities and discharge duration (55,000 yrs vs. 22,000 yrs) are lower for the short 
fault simulations, demonstrating that the short fault system is less efficient in transporting heat away from 
the underlying granite to the surface and less hydrothennal activity occurs; other faults behave similarly. 
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5.4. SUMMARY OF SIMULATION RESULTS 
Temperature distribution, heat flow and subsequent cooling of the Panorama 
hydrothermal system depend foremost on rock and fault permeability and to a lesser 
degree on other factors, as described below. 
5.4.1. Heat flow 
The overall temperature distribution within the volcanic pile shows temperature 
gradients parallel to the stratigraphy ranging from 50°C to ~ 450°C, comparable to 
maximum temperatures of greenschist-facies and chlorite-dominated alteration (~  
450°C; Miyashiro, 1994) as reported by Brauhart et al. (2000). Alteration patterns are 
in agreement with field observations, indicating high temperature fluid flow across 
the stratigraphy (see 5.4.3.). This is also supported by calculated temperature 
contours, which are curved upwards in fault regions (Brauhart et aI., 2000; see also 
figure 5.7). Differences are predicted in the area of faults 4 and 5, which are assumed 
to be active and extend to the top of the model section (the seafloor). These 
assumptions are based on the current geology and the intrusion of later mafic dikes. 
Consequently, temperature distribution around these faults differs from field 
observations depending on their function as recharge or discharge faults. 
The onset of hydrothermal convection and resulting fluid discharge IS 
strongly controlled by the overall permeability of the system (fig. 5.16). Numerical 
modeling predicts significant fluid flow leading to early fluid discharge (~  13 years) 
for high rock permeability and fluid venting after about 100 years for a range of 
conditions. Only at lowest rock permeabilities is hydrothermal convection delayed 
beyond 1,000 years after the start of simulation (i.e. the intrusion of the granite). In 
general, highest discharge temperatures are predicted at average to low rock 
permeability (fig. 5.17), although discharge temperatures can vary significantly 
across average to very low rock permeabilities. Fault permeability on the other hand 
does not seem to greatly influence total discharge temperatures; when temperatures 
change significantly it is often connected to a change in rock permeability. Although 
faults hosting known ore bodies (faults 1, 3, and 5) show highest discharge 
temperatures at high rock permeability and average fault permeability, it is important 
to remember that temperatures plotted in figure 5.17 only reflect absolute discharge 
temperatures. 
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Figure 5.16 Recorded onset of hydrothennal fluid discharge as a function of rock and fault 
penneability for all faults clearly shows a strong overall dependence of hydrothennal fluid flow and 
circulation on penneability. low fault penneability = 2.5xlO- 15 m2, average fault penneability = 
2.5xIO· '4 m2, high fault penneability = 2.5xlOo13 m2 
They don't necessarily represent the best scenario for the fonnation of massive 
sulfide ore bodies; other factors such as fluid discharge velocity and discharge 
duration need to be taken into account. 
Discharging fluids reach maximum temperatures of 400°C and temperatures 
capable of carrying significant amounts of base metals in solution (> 150°C at 
seawater salinity) can be sustained for up to ~ 230,000 years under favourable 
conditions (Table 5.3). The opposite trend is exhibited by figure 5.18, which shows 
the duration of venting hydrothermal fluids capable of carrying significant base 
metals (2: 150°C). Here, long-lasting hydrothennal activity is commonly predicted at 
low rock and fault penneabilities, when heat and fluid exchange is restricted and the 
system takes longer to cool down, extending the period of hydrothennal fluids 
venting through individual faults. Oxygen isotope results from Brauhart et al. (2000) 
suggest that the Sulphur Springs deposit had the highest discharge temperatures (> 
350°C), while the Kangaroo Springs deposit experiences lower temperatures (250°C 
- 300°C). 
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Figure 5.17 Hydrothermal fluid discharge temperatures for individual faults as a function of 
fault and rock permeability. Most consistent discharge temperature distribution for faults hosting 
massive sulfide ore bodies (fault 1, 3, and 5) occurs at all but veI)' low rock permeabilities and 
medium to low fault permeability. Fault 4 exhibits highest discharge temperatures at lower rock and 
fault permeability. 
Table 5.3 and figure 5.17 confinn that in most calculations venting temperatures for 
Sulphur Springs (fault 1) are equal or higher (150°C - 400°C) than those for the 
Kangaroo Caves deposit (fault 3; 150°C - 300°C), provided both faults exhibit fluid 
discharge. These predictions are supported by the mineralogy of the ore bodies, 
which shows that the Sulphur Springs deposit is a copper-rich deposit due to its 
higher discharge temperatures (6.8 % Zn, 2.2 % Cu) compared to the lower­
temperature Kangaroo Caves deposit, which has a lower copper content but higher 
zinc values (9.8 % Zn, 0.6 % Cu). 
High porosity can also enhance both fluid discharge duration and discharge 
temperatures, although on a smaller scale compared to fault or rock penneability. 
The effect of thermal conductivity on discharge temperature and consequently metal 
transport is much more differentiated. Results suggest an increase in hydrothennal 
activity at higher thennal conductivity for some faults, while others behave the 
opposite way. 
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Figure 5.18 Hydrothennal discharge duration for the Panorama region investigated reveals long­
lasting hydrothennal activity at low rock and fault penneability, where fluid circulation and fluid 
discharge is restricted and heat exchange and cooling of the heat source is constrained, allowing for a 
longer life span of the hydrothennal system. 
This behaviour is likely due to the location of faults in relation to the stratigraphy, 
implying that thermal conductivity may influence faults selectively. 
As shown before, fault 1 records the longest period of fluid discharge and in 
most cases also the highest fluid discharge temperatures over a range of conditions. 
This is likely due to the location of fault 1 relative to other faults at the NW end of 
the section as well as within the most permeable rock unit (andesite/basalt layer; see 
figure 5.3). All other faults either host lesser amounts of permeable rock (fault 5), or 
compete with other faults (faults 3 and 4). Since fault 2 does not extend to the 
surface, fault 1 is in a sense 'isolated' and therefore experiences ideal conditions, 
possibly reflected in the fact, that fault 1 hosts the largest of all ore bodies, the 
Sulphur Springs ore deposit. As shown before, extending fault 2 to the surface does 
not produce results favourable for the ore body distribution found in the field, 
suggesting that fault 2 was indeed inactive during the main phase of the 
hydrothermal system. 
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5.4.2. Fluid flow 
Fluid flow is usually established soon after simulations start (100 - 1,000 years) and 
only when rock permeabilities are very high or very low does fluid flow commence 
earlier (- 13 years) or later (5,000 years; see figure 5.16). Hydrothermal fluid 
circulation occurs mostly within the andesite/basalt layer where several convection 
cells develop depending on the permeability distribution within the volcanic pile. 
This preferred fluid flow distribution in the most permeable rock unit is in agreement 
with alteration zonation mapping showing chlorite-quartz alteration being distributed 
mostly within the andesite/basalt layer (Brauhart et aI., 1998). The predicted 
alteration zonation within the volcanic pile and its implications for the formation of 
ore bodies will be discussed below. 
Hydrothermal fluid discharge occurs through all faults open to the surface of 
the model, which is controlled primarily by fault permeability and to a lesser degree 
by rock permeability, porosity, or thermal conductivity. Fluid discharge ranges from 
< lxlO-8 m/s to maximum values of 2xlO-5 m/s for individual faults with estimated 
average venting velocities being lower (10-8 m/s - 10-6 m/s; table 5.3). A summary 
plot of fluid discharge velocities (fig. 5.19) shows that hydrothermal fluid discharge 
is strongly controlled by fault and rock permeability and significant fluid velocities 
are predicted to occur at average to high fault permeabilities and elevated rock 
permeabilities. Fault 1 exhibits higher fluid velocities than other faults except at high 
fault permeability, where faults 3 and 4 record higher values. However, under these 
conditions venting duration for faults 3 and 4 is small « 2,000 yrs) and fault 1 
exhibits longer hydrothermal activity (fig. 5.18). While fluid discharge increases 
with increasing rock and fault permeability allowing more fluid to pass through 
individual faults, recharge occurs mostly through faults and only secondarily by 
migration through the overlying sediment layer. At low rock permeability faults 3 
and 5 act primarily as recharge zones, while at higher permeabilities faults 1 and 4 
are also included (Table 5.3). In general, the number of discharge faults increases 
with increasing rock permeability, because higher rock permeability allows fluids to 
migrate further and circulate more rapidly through the volcanic rock package and 
enables additional fluid discharge, although there is no preference for individual 
faults. 
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Figure 5.19 Average discharge fluid velocity as a function of rock and fault permeability. 
Highest fluid flow velocities occur at high fault and rock permeability, while other scenarios yield 
much smaller small fluid velocities. 
Discharge duration is variable and ranges from ~ 1,000 years to about 230,000 years 
(fig. 5.18) and refers to fluid discharge 2: 150°C, considered to be the lower limit for 
hydrothermal fluids to carry significant base metals in solution. Individual faults may 
show longer total fluid discharge duration, but this is of no consequence in terms of 
metal transport and ore body formation. 
Higher porosity and lower thermal conductivity than those assumed in initial 
conditions would likely intensify the hydrothermal regime and support the transport 
of metal-bearing fluids and the formation of ore bodies. This could be the case in the 
early stages of the hydrothermal system, when temperatures are high, porosity has 
not been greatly affected by alteration or mineral precipitation and thermal 
conductivity is lower due to high temperatures (Viloria and Farouq Ali, 1968). 
As for the Lau basin model, fluid discharge velocities predicted here are 
significantly lower than fluid exit velocities observed on the modern seafloor but 
when average modeling fluid velocities of 10-7 m/s are recalculated for a 10 cm x 10 
cm vent, they yield values of about 1.8 m/s. 
174 
ChaDter5 The Panorama VHMS model 
5.4.3. Water-rock ratios and alteration 
To evaluate how individual simulations compare with evidence of hydrothermal 
convection and alteration mineral zonation in the field, water-rock ratios are used to 
estimate the extent of alteration mineral distribution within the volcanic pile and 
adjacent rock units. Figure 5.20 shows predicted cumulative water-rock ratios at 
various rock permeabilities. As shown in table 5.3, low rock permeabilities produce 
little alteration except within faults, regardless of fault permeability. As rock 
permeabilities increase, higher water-rock ratios and thus more intense alteration 
occurs between faults as well as northwest of the fault system at lower fault 
permeability due to the development of convection cells enabling local fluid 
circulation. High rock permeabilities reveal widespread alteration zonation and 
lateral zones of intense alteration mostly at the top of the andesite/basalt layer. Here, 
high fault permeability results in the highest water-rock ratios recorded for the 
Panorama model (> 1,500). This zonation of high water-rock ratios within the upper 
portion of the andesite/basalt layer and· lower alteration intensity in the 
rhyolite/dacite unit and diorite/upper granite section is in good agreement with the 
alteration mineral zonation of Brauhart et al. (1998). They mapped widespread 
intense chlorite-quartz alteration within the andesite/basalt layer and showed less 
intense alteration assemblages (sericite-quartz and feldspar-sericite) distributed in 
other volcanic layers and the underlying granitic-dioritic rock units (see figure 5.4). 
They also recorded clear halos of intense alteration around faults hosting ore deposits 
(faults 1 and 3), which is predicted by simulations at elevated permeabilities (see 
figure 5.20). Since the permeability distribution adjacent to faults is unknown, the 
extent of the chlorite-quartz alteration around these faults cannot be compared 
directly to simulation results, but it is reasonable to assume that a wider fault system 
would produce a wider halo of chlorite-quartz alteration around individual faults. 
Simulation results at high rock and fault permeabilities also predict intense 
alteration around fault 4, since the model-section includes fault 4 as a potential 
discharge fault. Field observations show less intense (chlorite-quartz) alteration in 
this area compared to faults 1 and 3, suggesting an active fault 4 with lower 
permeability. 
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Figure 5.20 Cumulative mass water-rock ratio distribution as a function of rock permeability. A - low 
rock permeability yields uniformly low water-rock ratios except within faults. B - as permeability 
increases, more intense alteration is predicted to occurs within the andesite/basalt layer as water-rock 
ratios increase. C - at high rock permeability an alteration zonation emerges with most intense alteration 
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Since it has been demonstrated earlier that simulations without fault 4 do not 
reproduce results comparable with field observations (fault 3 turns into a recharge 
zone and no ore body forms above fault 3), it is concluded that fault 4 did exist 
possibly as a lower permeability fault acting as a recharge zone. Fault 2 was included 
in the model section based on the current geology and calculations predict low to 
very high alteration patterns developing around fault 2 depending on fault 
permeability. Results with a fully activated fault 2 show, that fluid discharge occurs 
through fault 2, but either hydrothermal activity is too weak to form a significant ore 
body, or if significant fluid discharge is recorded for fault 2, fault 1 or fault 3 exhibit 
short-lived fluid discharge. Water-rock ratios for these scenarios predict medium to 
very high widespread alteration around fault 2. Results would therefore suggest, that 
fault 2 was either absent or recorded little hydrothermal activity, resulting in less 
intense alteration compared to faults hosting known ore deposits. 
Compared to the Lau basin, predicted water-rock ratios from the Panorama 
model shows similar average values (0.03 - 11, table 5.6) except at high rock 
permeabilities, where average water-rock ratios can reach values of about 30. 
Table 5.6 Comparison of calculated average and maximum water-rock ratios for the Lau basin 
and Panorama model 
Parameter Lau basin model Panorama model 
maximum average maximum average 
very low rock K n.m. n.m. 152 0.03-0.4 
low rockK 269 0.1-0.8 285 0.1-2.7 
medium rock K 
-low faultK 325 0.1-1.2 84 0.1-11 
- medium fault K 587 0.3-2 314 0.1-5 
- high fault K 422 0.2-1.8 973 0.1-6 
high rock K 531 0.5-1.1 382 2-29 
low porosity 332 0.1-1.1 273 0.08-1.5 
high porosity 663 0.3-2.7 243 0.1-4 
low thermal conductivity 650 0.3-2.8 338 0.1-4 
high thermal conductivity 397 0.2-1.9 191 0.09-1.7 
open side boundaries 5574 1.2-3.3 636 0.2-2.5 
constant heat flow n.m. n.m. 401 0.2-2.5 
dike injection 577 0.3-2.5 n.m. n.m. 
K - penneability; n.m. - not modeled 
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Maximum values are also in good agreement « 100 to ~ 700) apart from simulations 
with modified boundary conditions, where the Lau basin model records significantly 
higher values, which is attributed to the difference in heat source temperature and 
resulting fluid flux. As mentioned before, average water-rock ratios between about 
0.1 to 30 are comparable with results obtained in previous modeling and 
geochemical studies (Mott!, 1983; Cann et aL, 1985/86; Spivack and Edmond, 1987; 
Fisher and Narasimhan, 1991). 
From the comparison of all simulation results with field observations a 
'window of permeability' can be defined that best represents the Panorama model 
based on alteration mineral zonation, hydrothermal activity and ore body distribution 
as described by Brauhart et aL (1998). This window includes average to high rock 
permeabilities (10-15 m2 to 10-14 m2) and average to high fault permeabilities (10-14 
m2 to 10-13 m2). This 'permeability window' is comparable to the optimal crustal 
2 to 5-16permeability of 5-15 m m2 proposed by Barrie et aL (l999b) to generate long­
lived, high-temperature venting required to form large massive sulfide deposits such 
as the Kidd Creek deposit. 
5.5. THE FORMATION OF THE PANORAMA ORE BODIES 
From results presented above a number of restrictions can be placed on the range of 
likely scenarios leading to the formation of the Panorama ore bodies based largely on 
recharge-discharge patterns. The relative hydrothermal activity and water-rock ratios 
of individual faults are shown in table 5.7. 
Table 5.7 Hydrothermal activity of faults hosting known ore deposits in the Panorama district 
Fault 1 Fault 3 FaultS 
Sulphur Springs Kangaroo Caves Bemts 
Discharge fluid temperatures eC) 150-400 150-300 150-300 
Average discharge fluid velocity (m/y) 19 22 12 
Fluid discharge duration (x 1000 yrs) 12-229 1-153 7-47 
These averaged data show fault 1 with the greatest ore body potential due to its high 
discharge temperatures and long hydrothermal activity. Although fault 3 shows, on 
average, shorter hydrothermal fluid discharge duration than fault 5, discharge 
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velocities are higher and fault 3 could on average yield a larger ore body compared 
to fault 5, which is in agreement with reported metal tonnages of all three deposits 
(see Brauhart et aL, 1998). 
5.5.1. Mass metal calculations and ore body formation 
Results have shown that numerical modeling is capable of reproducing alteration 
zonation, fluid discharge and heat flow patterns comparable to fmdings by other 
workers (e.g. Brauhart et aL, 2000). In order to relate the simulation results to ore 
deposits known in the Panorama district, heuristic mass calculations were carried out 
to resolve whether simulation results can predict the formation of the observed 
VHMS ore bodies and if so, what constraints can be placed on the hydrothermal 
fluid. Brauhart et al. (2001) showed that Cu and Zn are strongly depleted in rocks at 
the base of the volcanic pile and calculated that the reduction of total metal within 
the volcanic pile (~  125 ppm) is far greater than that contained in known deposits. As 
for the Lau basin model, the appropriate rock volume corresponding to the volume 
with significant fluid flow was calculated and used to compute the total amount of 
ore-carrying fluid for each fault (see figure 4.53). Table 5.8 shows results indicating 
that the estimated rock volume for each convection cell is sufficient to supply 
enough base metal to form the respective ore bodies. Results of the most promising 
simulations are used to calculate the total metal content of individual ore bodies. For 
the Sulphur Springs and Kangaroo Caves, a Zn-Cu ore body is calculated, while for 
the Bernts deposit a Zn-Pb ore body is considered, based on published ore 
mineralogy (e.g. Brauhart et aI., 1998). 
Table 5.8 Calculated total base metals available for each fault to form ore body 
Ore type Ore deposit Ore grade Total metal Available total 
(t) (%) content (t) metal (t)! 
Sulphur Sprioes Zn-Cu 4,600,000 9 414,000 1,608,000 
Kaoearoo Caves Zn-Cu 1,700,000 lOA 176,800 904,500 
Fault 42 Zn-Cu 600,000 9 54,000 519,250 
Bernts Zn-Pb 600,000 9.5 57,000 147,750 
Note: Calculations for modeled ore body are based on discharge through fault representing the volume of the appropriate
 
convection cell.
 
t Based on convection cell rock volume assuming 125 ppm of combined Zn + eu have been removed (except Bemts;
 
105 ppm combined Zn and Pb removed)
 
'Potential' ore body above fault 4 has been assumed to be at least as large as smallest deposit in the district (Bemts)
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Calculations for the Sulphur Springs deposit reveal that deposition efficiency is 
clearly the limiting factor determining the size of the potential ore body (see figure 
5.21 and table 5.9). While it is difficult to estimate the deposition efficiency of 
ascending hydrothermal fluids on the seafloor, Converse et al. (1984), Feely et al. 
(1987), and Hannington et al. (1995) state that more than 90 percent of metals carried 
in solution are lost to the hydrothermal plume and are hence not deposited. On the 
other hand, hot fluids are trapped beneath older seafloor precipitates, and 
hydrothermal reworking, can redistribute and accumulate sulfides within the sub­
seafloor structure. According to Schultz et al. (1992), black smoker heat flux is less 
than 5 percent of their total heat output, suggesting continuous high-temperature 
mineralisation beneath the seafloor cap of older sulfide precipitates. Assuming a low 
deposition efficiency (1 percent), the Sulphur Springs ore body is predicted to form 
within about 1,500 years under most conditions. Calculations with varying base 
metal content of the fluid (100 - 1 ppm Zn + Cu) show variations in both the time 
required to form the Sulphur Springs ore body (900 to 5,000 years; see table 5.9) and 
the total attainable metal tonnage, depending on the amount of metal carried in 
solution. With decreasing deposition efficiency and metal content, predicted ore 
bodies become smaller but all except the weakest fluid (line H in figure 5.21) could 
produce the Sulphur Springs ore body. Figure 5.22 shows the relative saturation level 
of various model cases with respect to Cu and Zn as well as the position of the 
solubility-constrained cases with 100 ppm, 10 ppm, and 1 ppm maximum base metal 
in solution. 
Table 5.9	 Summary of modeling conditions for calculated ore deposition for different cases 
shown in figure 5.21. 
Case Rock permeability (m2) Fault Metal in Deposition Time to form
 
RhylDac permeability solution efficiency Sulphur Springs
 
(m2) (ppm) (%) deposit (years)
 AndlBas 
A	 saturation 100 900 
B	 100 100 900 
C	 10 100 1,000 
D	 1 100 5,000 
E 2.5xl0-16 2xl0-15 2.5xl0-14 100 50 900 
F	 10 10 5,000 
G	 1 1 1,500 
H 0.1 0.1 never 
Rhy = Rhyolite, Dac = Dacite, And = Andesite, Bas = Basalt 
180 
100 E + 10 
1.00E+08 
1.00E+06 
-
Sulphur Springs ore body 
- --_.- -­ -­ - - ­ - - - ._.--- ­ - ­ -----­
....... ... ---­
-----­
A 
E 
B 
C 
G 
D 
F 
A 
B 
C 
D 
E 
F 
Fault I discharge (metal saturation of fluid) 
100 ppm maximum metal content in fluid 
la ppm maximum metal content in fluid 
I ppm maximum metal content in fluid 
50 % deposition efficiency 
10 ppm and 10 % depos ilion efficiency 
1.00E+04 
----------­
H G 
H 
I % deposition efficiency 
0.1 ppm and 0.1 % deposition efficiency 
.......... 
Cl:!Q) 1.00E+02 
Sulphur Springs ore body 
~ 
.OOE+OO 
100 1000 10000 100000 1000000 
Discharge duration (years) 
Figure 5.21 Calculated metal deposition related to fluid discharge for fault 1. Simulations predict the formation of the Sulphur Springs ore body in about 1,000 years under all 
but the most conservative conditions (l % deposition efficiency). Line A (ideal ore body) assumes that discharging fluids are always saturated with respect to Cu and Zn. For 
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Figure 5.22 Comparison of Cu and Zn solubility as a function of temperature with model cases 
of the Panorama VHMS district. The table shows that for most model cases listed, the degree of 
saturation with respect to Cu and Zn drops from 100 percent (shaded area) at low temperature (150°C 
- 250°C) to less than 16 percent (10 ppm for case C) at 300°C and below 2 percent (10 ppm for case C 
) at 350°C; mineral zonation is adapted from Large (1992), see text for explanation. 
While at lower temperatures (l50°C to 250°C) model fluids are saturated due to the 
low solubility of copper and zinc (8.7 ppm combined Cu and Zn at 250°C), saturation 
levels drop to less than 20 percent at 300°C and below 2 percent at 350°C. The 1 ppm 
and 10 ppm model scenario become undersaturated with respect to base metals at 
about 220°C and 250°C respectively (Zn-Pb zone), so that calculations at higher 
temperatures assume a hydrothermal fluid significantly undersaturated with base 
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metals. In comparison, the saturation threshold for the 100 ppm case is about 310°C 
and within the Cu-Au zone. The difference in saturation levels chosen here is 
reflected directly in the relative size of the predicted ore bodies (line B, C, and D in 
figure 5.21) as well as the time it would take these fluids to form the Sulphur Springs 
ore body - 900 years for the 100 ppm fluid, 1,400 years for the 10 pm fluid and 5,000 
years for the 1 ppm fluid. From figure 5.22 it can be assumed, that the saturation 
level and temperature evolution of a hydrothermal fluid under these conditions will 
influence the type of ore body deposited; the 1 ppm fluid might form Zn-Pb 
dominated ore bodies while the 10 ppm and 100 ppm ore fluid would be capable of 
carrying enough copper in solution to deposit a Cu-rich ore deposit. A more general 
discussion of discharge temperatures and its influence on the ore mineralogy is 
provided in chapter 7. 
During simulations, fault and rock permeabilities remained constant, permitting an 
uninterrupted flow of hydrothermal fluid up the fault constrained only by buoyancy 
forces related to the cooling granite. In nature, fault and rock permeabilities change 
due to thermal expansion/contraction, tectonic movement and dissolution/ 
precipitation of minerals such as quartz. These changes will clearly affect the 
hydrothermal fluid flow and base metal deposition. Taking these factors into 
account, several scenarios can be envisioned for the formation of the Sulphur Springs 
ore body. Two possible ways of how the ore body may have formed are shown in 
figure 5.23: 
Case A assumes that initial permeabilities and hence discharge velocities are 
high due to the recent emplacement of the granite, causing thermal expansion and 
fracturing of the overlying volcanic package. The bulk of the ore body would form 
between 900 years and 5,000 years. At this stage temperatures and especially fluid 
velocities start to decline and as a consequence, fluid discharge would drop and as 
temperatures slowly decrease, rock and fault permeabilities also decrease. Although 
temperatures are still high, little additional base metal would be deposited. A total 
metal content of ~  10 ppm base metals with a deposition efficiency of 10 percent is 
sufficient to form the sulphur Springs ore body (compare with figure 5.21). Another 
potential scenario is depicted in case B. This setting assumes that initial 
permeabilities are low and thus fluid velocities are much lower than in case A. 
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Figure 5.23 Two different scenarios (case A and B) used to explain the formation of the Sulphur 
Springs ore body based on initial permeability assumptions of the hydrothennal system (see text for 
explanation). Case A with high initial penneabilities would allow the fonnation of the Sulphur 
Springs ore body within 5,000 years, depending on the amount of base metals carried in solution. 
Under low permeability conditions (case B), the ore body would slowly accumulate (~  150,000 years) 
due to low fluid velocities but extended life span of the hydrothermal system. 
This would predict the formation of the ore body over a long time, since discharge 
duration is greatly enhanced at lower permeability (refer to table 5.3). Since rock and 
fault permeability are low, no significant changes are expected until the system has 
cooled down substantially. Based on discharge duration data at low permeability, a 
time frame of about 150,000 years seems valid. Since fluid exit temperatures are 
comparable with those at higher permeability, base metal concentrations> 1 ppm are 
required to form the deposit under these conditions. 
While the lifetime of a hydrothermal system can be on the order of 106 years 
or longer (Lowell and Rona, 1985; Cathles et al., 1997, Barrie et aI., 1999b), other 
studies have argued that economic ore bodies can form over a comparably short time 
period. Cathles (1983) concluded that the Kuroko deposits might have formed in 
5,000 years or less and individual ore lenses in as little as 500 years. Cann et aI. 
(1985/86) state that for fluid exit temperatures between 300°C and 400°C an 
economiC ore body forms in less than 11,000 years. Strens and Cann (1986) 
estimated that an average-sized Cyprus-type ore body could be formed in less than 
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10,000 years depending on deposition efficiency. Lowell and Bumell (1991) showed 
in their calculations, that a 3 Mt ore body might form in ~  500 years depending on 
temperature and metal content. Likewise, M. Solomon (pers. comm., 2002) estimated 
that the Hellyer massive sulfide ore body could have formed in less than 500 years. 
Most of these studies are based on general assumptions such as constant discharge 
temperature, fluid velocity, fluid metal content, and deposition efficiency. Results 
from this work are based on metal solubility, fluid density and fluid velocity as a 
function of changing temperature. Even with a low metal content « 10 ppm) and 
poor deposition efficiency (1 percent), all scenarios favour case A in figure 5.23. 
This is further supported by results of water-rock ratio distribution as a function of 
permeability. Predicted alteration mineral zonation most compatible with field 
observations are found at elevated rock and fault permeability (fig. 5.20), suggesting 
that the Sulphur Springs and other ore deposits formed in a short time period, 
probably on the order of 1,000 to 5,000 years, allowing for changes in recorded 
temperature, fluid velocity and therefore metal solubility. 
Similar results are obtained for the Kangaroo Caves and Bemts deposit, 
except that lower base metal fluids (1-10 ppm combined Zn + Cu) predict smaller ore 
bodies compared to Sulphur Springs (see figure 5.24 and 5.25). This is attributed to 
shorter overall venting duration of faults 3 and 5, leading to smaller overall ore 
bodies and somewhat longer formation times (2,500 to 3,500 years). The overall 
difference in slope of individual ore body curves compared to figure 5.21 is due to 
the different fluid discharge velocity distribution as a function of discharge duration, 
while at certain times (shaded areas) faults 3 and 5 act as recharge faults and hence 
no additional metal is deposited; the slope at that point is therefore zero. Overall, to 
form a significant VHMS deposit such as the Sulphur Springs ore body within a 
reasonable time frame (:'S 5,000 years), a fluid carrying ~  10 ppm Zn+Cu with a 
deposition efficiency of~  10 percent is required (line F in figure 5.21). 
The calculated metal tonnages obtained make it convenient to test the 
Panorama model for the potential of the formation of a world-class VHMS deposit. 
The term world-class or 'giant' ore deposit is used with a wide range of definitions 
and interpretations, but for the purpose of this study the definition of a world-class or 
'giant' base metal deposit is based on the definition by Singer (1995). 
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Figure 5.24 Ore body fonnation scenario for the Kangaroo Caves massive sulfide deposit (fault 3). Similar to the Sulphur Springs ore deposit, the Kangaroo Caves deposit is 
predicted to fonn in a relatively short time (350 - 3,500 years), but very low deposition efficiency (I %) will not yield enough base metal to form the ore body. The shaded area 
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Figure 5.25 Predicted ore body fonnation for the Bemts deposit also suggests a rapid ore body fonnation « 3,000 years) under various conditions with conservative fluids 
taking significantly longer to reach the required metal content ofthe Bernts ore body. As for the Kangaroo Caves deposit, there is a short time interval (~ 1,000 yrs) where fault 5 acts 
as a zone offluid recharge and no growth ofbasemetal is observed (shaded area). 
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He calculated that world class copper and zinc deposits contain at least 2 Mt and 1.7 
Mt of metal respectively. Since the Sulphur Springs deposit is the most likely 
candidate due to its size (fig. 5.26) it is chosen as a representative. 
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Figure 5.26 Comparison of ore forming potential for all discharge faults under favourable 
conditions (see fig. 5.13 for conditions). While all 3 faults are able to form their respective ore bodies 
(fault 4 is hypothetical ore body; not confirmed in field), calculations for the Sulphur Springs fault 
yield the largest metal accumulation and is subsequently used to test for 'world class' potential (fig. 
5.27). Note that the Bernts deposit is a Zn-Pb deposit compared to the Sulphur Springs and fault 4 
deposit (Cu-Zn); the much higher solubility of galena causes the Bernts to project a larger deposit 
than the assumed fault 4 deposit, although the Bernts is likely the smallest deposit in the Panorama 
district investigated here (0.6 Mt). 
A conservative scenario has been applied where a fluid carrying a maximum of 10 
ppm copper and zinc and 10 percent of that amount precipitates to form the ore body. 
While the amount of zinc deposited is sufficient to yield 1.7 Mt of ore, copper does 
not reach the limit of 2 Mt set here under these conditions (fig. 5.27). While the 
conservative approach used here would allow for the development of a world-class 
zinc deposit, the actual conditions at the time of formation must have prevented the 
formation of such a large deposit. 
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Figure 5.27 Comparison of the Sulphur Springs deposit against criteria for a world-class 
deposit. The Panorama numerical model indicates the potential to fonn a world-class deposit 
assuming conservative conditions (max. 10 ppm base metals and 10 % deposition efficiency). Actual 
tonnages of copper and zinc suggest that local conditions prevented the fonnation of a larger ore 
body. The time required to accumulate 2 Mt of metal (- 20,000 years) may be one reason, why 
smaller massive sulfide ore bodies are more common than world-class deposits. 
This is reflected in the fact that the actual amount of zinc and copper in the Sulphur 
Springs ore body is about 300,000 tons and 100,000 tons respectively and suggests 
that either a) the fluids were carrying less than 10 ppm of zinc or copper in solution, 
b) the deposition efficiency was less that 10 percent or c) some other process that is 
not accounted for here prevented the accumulation of additional base metals (e.g. 
less permeable fault 1; lower permeability basalt/andesite layer). One other important 
factor that may have prevented the formation of a world-class deposit is the period of 
hydrothermal discharge. From figure 5.27 it can be seen that only hydrothermal 
systems that are able to sustain high temperatures and fluid discharge for at least 
20,000 years under these conditions would be able to produce such large ore bodies 
without invoking any special circumstances such as high-salinity fluids, exceptional 
metal solubility or a large magmatic contribution. These world-class or 'giant' 
deposits may require special conditions to either sustain the hydrothermal system for 
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an extended period of time or accumulate base metals more efficiently than under the 
'conservative' conditions assumed here. 
5.5.2. Other potential ore bodies 
For a potential ore body above fault 4, a conservative estimate for the size of the 
appropriate convection cell and ore grade was chosen based on the smallest deposit 
in the system (Bernts deposit). Calculations reveal that fluid discharge predicted for 
fault 4 would be sufficient to form a potential ore body under most conditions in less 
than 1,000 years, and the [mal ore body is comparable in size to the Bernts deposit. 
Depending on the focussing mechanisms in place (e.g. crosscutting fault 
relationships, local permeability differences), fluid discharge could have resulted in 
the formation of a single high-grade ore body or a dispersed low-grade ore body, 
which may have escaped detection. To assess the potential of fault 4 to form an ore 
body in this system, results from simulations with different fault set-ups are used to 
evaluate the role of fault 4 in the hydrothermal convection scheme. 
Preliminary metal mass calculations with faults 1, 3, and 5 activated show 
that only one scenario (high rock, average fault permeability; appendix A 16) would 
produce fluid and heat flow patterns compatible with known ore deposit distribution, 
i.e. metal deposits above faults 1,3, and 5. In all other simulations fault 3 behaves as 
a recharge zone and shows no significant hydrothermal fluid discharge. This would 
suggest that this scenario is unlikely to form the Kangaroo Caves deposit. 
Calculations for a model involving all five faults also suggest that only one 
simulation would produce an ore body distribution comparable to that found in the 
Panorama district (appendix A 17). Again, fault 3 is predicted to be a recharge zone 
with adjacent faults being the main areas of fluid discharge (faults 2 and 4). This is 
due to the symmetry of the developing hydrothermal convection system. At lower 
permeabilities, with an uneven number of faults, the middle fault will become a 
recharge fault and outer faults turn into discharge points forming contra-rotating 
convection cells. At elevated permeabilities fluid flow becomes less structured, but 
the main fluid discharge is focussed towards outer faults and the inner recharge zone 
can expand over several faults (fig. 5.28). 
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Figure 5.28 Schematic hydrothermal fluid convection patterns as a function of fault distribution 
and rock permeability; A and B refer to low and high rock permeability respectively and 
dotted lines indicate relative importance of infrequent fluid flow. Settings with either 3 or 5 faults (I and 
IT) predict essentially no fluid discharge through fault 3, preventing the formation ofthe Kangaroo Caves 
deposit. ID - Simulations with the initial setup (only 4 faults fully extended) show infrequent but major 
fluid discharge through all faults that host known massive sulfide deposits, While low rock permeability 
does permit the formation of ore bodies, elevated rock permeability is more likely to produce massive 
sulfide ore deposits due to greater fluid velocity, controlling the amount ofmetal-bearing fluids through 
individual faults. 
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With an even number of faults the hydrothermal convection patterns show more 
variation as a function of rock and fault permeability and in general fluid recharge 
changes from inner to outer faults so that at elevated rock permeabilities simulations 
predict fluid discharge also through fault 3. Results from the fault distribution 
analysis presented above apply under the assumption that all faults show the same 
magnitude of permeability. To test if permeability differences between individual 
faults will alter the hydrothermal convection regime, numerical calculations have 
also been performed with fault 3 (Kangaroo Caves) having a permeability one order 
of magnitude higher than all other faults. Interestingly, no significant changes with 
regard to heat or fluid flow patterns have been observed, which is explained by the 
robustness of the established fluid flow pathways early on. These calculations 
suggest that with either three or five faults activated, fault 3 almost always becomes 
a recharge zone (fig. 5.28). 
The fact that no ore body has been found around fault 4 does not necessarily 
exclude the relevance of fault 4 to the hydrothermal system. As shown above, fault 4 
appears to be necessary to facilitate hydrothermal fluid discharge through fault 3. 
Furthermore, numerous numerical simulations predict significant fluid discharge 
through fault 4 at some stage. While it is impossible to determine from these results 
if a potential massive sulfide deposit formed above fault 4, more field work and 
sampling in this area could help to resolve, whether fault 4 was predominantly a 
recharge zone or if a massive sulfide deposit formed and has not been discovered yet. 
In summary, results with either all faults, or only faults I, 3, and 5 activated, seem to 
suggest that such scenarios are unlikely and that therefore the most probable setting 
under the current conditions was one where all faults except fault 2 were active. To 
what degree each individual fault contributed to the hydrothermal convection system 
(i.e. relative size and permeability of each fault) is impossible to determine and 
beyond the scope of this study, but it seems reasonable, based on simulation results, 
that all faults may have possessed permeability of the same order of magnitude. 
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5.5.3. Other significant modeling criteria 
There are a number of other modeling conditions that have been investigated here to 
test the response of the hydrothermal system to changes in particular parameters. 
Rather than targeting specific regions of the numerical model, these parameters were 
applied throughout the system, as described below. 
5.5.3.1. Additional heat supply 
While mass calculations have shown that all massive sulfide ore deposits can be 
formed under 'conservative' conditions, it is worth considering a further model with 
a modified heat supply. The inner granitic phase of the Strelley granite described by 
Brauhart et al. (1998), and Brauhart (1999) suggests a likely extension of the 
hydrothermal system beyond that of the simple cooling of the initial granitic sill. To 
investigate the influence of additional heat supply, such as multiple intrusion events, 
the numerical model was changed to simulate a constant heat flow from below. For 
this scenario, the original model section was modified so that the top of the granite 
formed the lower boundary of the model section (figure 5.29 top). The lower 
boundary has been set to a constant heat flux of 0.9 W/m2, which equates to about 
800°C at the top of the granite at the start of the calculations. Results are listed in 
table 5.10, where the cooling model refers to intrusion and cooling of a granitic sill, 
and heating model signifies a constant heat flow from the lower boundary. 
Simulations with a constant heat supply reveal a significantly changed 
hydrothermal system. Fault I does not show any fluid discharge at all and instead 
becomes a recharge zone together with fault 4. Fault 3 is now a prominent high-
temperature discharge zone for almost the whole duration of the simulation (1 My). 
Fault 5 is also a long-lasting but low-temperature discharge fault with lower fluid 
velocities while fluid discharge for fault 4 is insignificant (fig. 5.29). It is interesting 
to note, that in this model no fluid discharge occurs through fault I and instead fault 
3 is the main discharge conduit. This discharge behaviour is explained by distinct 
recharge-discharge zones developing early on, and once stabilised, preventing heat 
flux and fluid discharge through other faults. Developed recharge zones effectively 
cool down parts of the lower boundary and heat supplied from below is circulating 
between these recharge zones. 
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Figure 5.29 B - Heat flow and C) fluid flow distribution for simulations of the A) modified model 
section (top of figure) with constant heat supply from below after 100,000 years. Heat and fluid flow 
patterns demonstrate the establishment of long-lasting recharge and discharge zones with two local 
convection cells at each recharge zone; rock and fault permeabilities are the same as for initial conditions 
(see table 5.3 bold print). 
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Table 5.10 Comparison of numerical results from 'cooling' and 'heating' simulations 
Cooling model Heating model 
Rock permeability (mz)	 AndesitelBasalt 2xlO-17 AndesitelBasalt 2xlO-17 
Rhyolite/Dacite 2.5xl0-18 Rhvolite/Dacite 2.5xl0-18 
Fault permeability (mz) 2.5xlO-14 2.5xlO-14
 
Discharee faults 1,4 3,4,5
 
Recharee faults 3,5 1,4
 
Discharge duration (yearsi
 
fault 1 192,500 ­
fault 3 - 998,600*
 
fault 4 183,000 2,000
 
fault 5 - 982,000*
 
Discharge velocity (m1si 
(max/average) 
fault 1 2x1O-8/1x10-8 
fault 3 - 3x1O-7/9x10-8 
fault 4 lxl0-7/4xl0-8 2x10-7/1 X 10-7 
fault 5 - 3xlO-8/1.5xl0-8 
Venting temperatures (0C)
 
fault 1 150-250 ­
fault 3 - 150-350
 
fault 4 150-300 150-350
 
fault 5 - 150
 
Water-rock ratios high around faults, elevated in high around faults; elevated left of some 
andesite/basalt laver; medium overall faults 
defmed here as fluid discharge having temperatures 2: 150°C 
average calculated from maximum and minimum recorded fluid velocity values for discharge temperatures 2: 150°C 
*	 Simulations were terminated after 1 million years. Numbers therefore refer to hydrothennal fluid convection with 
constant heat supply for 1 million years. 
Figure 5.30 shows a plot of fluid discharge temperature against time for fault 3, 
indicating an initial rise	 of discharge temperatures and slow decline as simulations 
progress. This demonstrates that while the hydrothermal system is not entirely stable, 
convection patterns and discharge behaviour remain constant. Results from 
simulations involving a continuous and steady heat flux from the base of the model 
section for the time frame considered (l My) would suggest that under these 
conditions only fault 3 would produce a viable ore body (Kangaroo Caves) due to the 
long fluid discharge duration at T 2: 250°C. Figure 5.30 also indicates that a 
conservative hydrothermal fluid (l0 ppm maximum metal content) is predicted to 
quickly transport and deposit more metal than the amount leached from the source 
rocks according to Brauhart et al. (200 I). 
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Figure 5.30 Discharge temperature profile and associated metal accumulation for the Kangaroo 
Caves deposit with constant heat supply from the lower boundary. After maximum temperature discharge 
(-380°C) fluid temperatures drop to about 270°C and remain there, indicating long-lasting, high 
temperature fluid flow for the duration of the simulation (l My). The lower graph shows the deposition 
history ofa fluid with a maximum metal content of 10 ppm and a 10 percent deposition efficiency under 
these conditions. Shortly after accumulating enough metal to fonn the Kangaroo caves deposit (~  1,800 
yrs), this conservative fluid is predicted to transport and deposit more Cu and Zn than was leached from 
the source rock according to Brauhart et al. (200 I), indicating that this scenario is unlikely to operate for 
any length oftime in the Panorama district. 
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Fault 1 hosting the Sulphur Springs deposit does not exhibit fluid discharge due to 
the development of a recharge zone. Faults 4 and 5 also would not produce any 
significant ore bodies due to either short discharge duration (fault 4) or low 
temperatures (fault 5). The long period and location of high temperature discharge 
suggest that this scenario is unlikely to have operated for an extended period of time. 
5.5.3.2. Magmatic input 
As discussed earlier, calculations are based on the assumption that all faults have the 
same permeability and thermal activity. Numerical simulations have shown that a 
permeability difference of one order of magnitude does not seem to significantly 
affect the hydrothermal convection regime. Although the computer software cannot 
simulate a direct magmatic input, it is conceivable that the intrusion of the inner 
phase granite could trigger fluid flow in faults due to a higher heat supply and 
change the hydrothermal fluid flow patterns of the system. Higher heat supply may, 
for example, result from magma injection a short distance along a fault plane. If one 
or more faults (e.g. faults 1 and 5) were to receive a significantly higher thermal 
input or permeability (i.e. more than one order of magnitude), it is possible that these 
faults could experience fluid discharge in excess of 150°C and may continue to vent, 
because such faults stabilise as discharge zones with access to a continuous heat 
supply. This scenario then might form the ore bodies found above fault 1 (Sulphur 
Springs) and 5 (Bernts prospect). There is no evidence for such an initial higher 
permeability or thermal activity in the Panorama district. However, Brauhart (1999) 
described the potential influence of a magmatic fluid on the Panorama hydrothermal 
system. Granite-hosted feldspar-destructive alteration centres, which are assumed to 
be influenced by magmatic fluids, exist beneath the Kangaroo Caves Deposit. The 
situation is less clear around all other faults, but some feldspar-destructive alteration 
has been mapped at or near each fault and erosion or later events may have obscured 
the picture (see figure 5.4). Besides, granite-hosted Cu-Zn-Sn veins with sulfide and 
alteration mineralogy suggest the presence of magmatic fluids between Sulphur 
Springs and Kangaroo Caves. Whole-rock oxygen isotope data beneath all faults can 
reach values above 8 %0, also implicating a magmatic input (Brauhart, 1999). While 
there is no explicit evidence for a direct magmatic influence, these features may 
indicate an initially higher thermal activity at certain faults. The development of a 
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'thermal preference', as the inner phase granite intruded the outer phase granite, 
could have created new faults or rejuvenated pre-existing fault structures. These 
processes could then have changed the hydrothermal fluid flow scheme to produce 
the mineralogy and alteration found today, or provided a second pulse of heat and 
fluids that stabilised flow patterns and contributed additional base metals to the 
formation of the ore bodies. 
5.5.3.3. Thermal crackingfront 
Although an extended discussion of the thermal cracking front and its influence on 
the Lau basin model has been provided earlier (see section 4.5.3) similar calculations 
have also been carried out for the Panorama model, because it affords the possibility 
to test this process on a much more specialised and constrained model. As for the 
Lau basin model, rock permeabilities in the cracking front have been increased 2­
fold and 5-fold for volcanic rocks and plutonic rocks (diorite and granite) 
respectively between 300°C and 400°C. 
Figure 5.31 compares discharge temperatures and exit velocities for the 
cracking front model with the original model. Results indicate no significant increase 
in hydrothermal activity. Most faults record lower discharge temperatures and 
consequently shorter discharge duration, except for fault 1, which shows slightly 
higher fluid discharge velocities (Table 5.11). 
Table 5.11 Comparison of the original model with a thermal cracking front model 
Tdischarge VmaxNaverage Duration maximum water-rock ratios 
(OC) (m1s) (years)
 
Fault 1
 
normal 150-400 6.3xl 0-711.8xl0-7 229,500
 
cracking 150-350 7.9x1O-7/2.4x 10-7 38,100
 
Fault 3 285 for normal simulation 
normal - - recharge 
cracking - - recharge 
Fault 4 322 for cracking simulation 
normal 150-400 1.2xlO-6/6xlO-7 1,900 
cracking 150-350 9.9xlO-7/4.3xlO-7 5,000 
FaultS 
normal 150-350 4.7xlO-7/1.3xlO-7 43,100 
cracking 150 9.9 xlO-10/4xlO-10 12,000 
Note: initial rock property conditions are assumed for the 'nonnal' simulations; see table 5.2 for reference. 
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Figure 5.31 Comparison of fluid discharge behaviour between normal conditions and cracking 
front simulations. Results confIrm that the inclusion of a thermal cracking front does not generally 
increase discharge temperatures or discharge duration of the hydrothennal system. While fault 1 
shows elevated fluid discharge velocities compared to the nonnal model, maximum discharge 
temperatures are lower and discharge duration (Tdischarge :::: 150°C) is significantly shorter (see also 
table 5.11); other faults are either recharge faults (fault 3 and 5) or show less activity (fault 4). 
This suggests that increased permeability at depth enables a more effective cooling 
of the granitic heat source, which leads to lower discharge temperatures. This is also 
reflected in higher total water-rock ratios, suggesting that more fluid circulates 
through the cracked rock and produces more intense alteration (Table 5.11), but the 
relative alteration zonation remains the same. The impact on the formation of ore 
bodies in the Panorama district is therefore judged negligible due to similar 
discharge temperatures and fluid velocities. 
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5.5.3.4. Open side boundaries 
Results from all numerical models investigated here are obtained with side 
boundaries impermeable with respect to heat and fluid transport. These conditions 
are unlikely to exist in nature where rock units may extent for tens to hundreds of 
kilometres and permeability may increase as a result of tectonic movement, chemical 
reactions (i.e. dissolution of minerals) or change in stratigraphy. Simulations for the 
Lau model with side boundaries open to fluid exchange have shown that significant 
changes occur in the outer faults, which are close to the model boundaries while 
distal regions are much less affected. In the Panorama model, no surface or basement 
topography is included and outermost faults are further away from model boundaries 
compared to the Lau model. Furthermore, assumed hydraulic head for the Panorama 
model is less than for the Lau model and therefore fluid exchange across boundaries 
is expected to be less. Results from simulations with open side boundaries indicate a 
significant increase in discharge duration for faults 1 and 3, while fault 5 shows less 
fluid discharge (Table 5.12). Discharge temperatures are similar or lower, while fluid 
velocities increase. Overall, there is increased activity for all faults except fault 5 due 
to influx of additional fluids from the left boundary via the andesite/basalt rock layer 
(fig. 5.32). Since the andesite/basalt layer - the most permeable rock unit in the 
model - terminates between fault 5 and the right side boundary, fault 5 does not 
experience additional fluid flow since fluid influx from this boundary is hindered by 
the low permeability of the diorite sill. Overall, open side boundaries for the 
Panorama model do not change the general hydrothermal convection patterns but 
support the formation of known ore deposits. 
Table 5.12	 Comparison of modeling results for initial boundary conditions and open side 
boundaries 
Boundary discharge duration (years) Tmax ("C) average discharge velocity (m/s) 
conditions fanlt 1 fault 3 fault 4 fault 5 fanlt 1 fanlt 3 fanlt 4 fanlt 5 fanlt 1 fault 3 fanlt 4 fault 5 
Closed 45800 - 2800 12600 300 - 350 250 4.5xlO-7 - 4xlO-7 2x1O-7 
Open 549900 17900 3300 800 350 350 300 200 9xlO-7 5xlO-7 3xlO-7 2xlO-7 
As discussed in the Lau model, results for open boundary conditions have to be seen 
in the context of heat transport limitations and fluid flow extrapolation outside the 
model. 
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Figure 5.32 A) Heat flow and B) fluid flow patterns after ~ 30,000 years for simulations with 
side boundaries open to fluid exchange. A significant influx from the left boundary causes increased 
activity in all faults except fault 5. As mentioned before, no reasonable constraint is available for 
thermal transport conditions at the boundary and recorded increases in discharge temperature for the 
outer faults is due to 'boundary effect' (see also text for explanation). 
In the case of the Panorama model there are no other known heat sources influencing 
the system. Furthermore, the stratigraphy around the faults is well constraint so with 
open side boundaries additional fluids can enter through the left side of the model 
section resulting in increased activity for most faults and consequently higher 
maximum water-rock ratios. However, because inflowing fluids are unlikely to have 
temperatures as high as those circulating within the granite, fluid discharge relevant 
for base metal transport (2: 150°C) is judged unlikely to increase substantially, but 
elevated fluid velocities may be expected. 
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5.6. GENETIC MODEL OF THE PANORAMA MASSIVE SULFIDE DISTRICT 
It is generally accepted that the Panorama massive sulfide district is a product of a 
convective submarine hydrothermal system fuelled by a shallow underlying intrusion 
and likely represents an analogue to modem submarine settings in both back-arc and 
mid-ocean ridge environments (Veamcombe, 1995; Brauhart et aI., 1998; Brauhart, 
1999; Brauhart et aI., 2000; Brauhart et aI., 2001). A more detailed genetic model has 
been proposed by Brauhart (1999) based on field observations and comparison with 
other published models of VHMS deposits such as those by Solomon et al. (1987), 
Galley (1993), or Barrie et al. (1999b). While many aspects of this model are in 
agreement with the numerical simulation results presented here there are a number of 
points which are subject to interpretation or in disagreement with findings in this 
study; these points will be discussed below. 
The evolution of the section of the Panorama VHMS district investigated 
here is illustrated in figure 533. The intrusion of a granitic sill into the young 
volcanic rocks disturbs the overlying volcanic package and creates several faults. At 
this stage heat exchange is still purely conductive, but as evolving faults begin to 
penetrate the surface of the rock package, early hydrothermal convection is initiated 
and convective heat and fluid transport starts (fig. 533A). The extent of the faults 
observed in the field (volcanic package - turbidite interface) indicates that these 
faults are syn-volcanic, probably as a result of stress fracturing caused by the 
intruding granitic sill below. Although the location of faults 2 and 4 do not show 
explicit fault structures in the field, post-genetic mafic dikes trace zones of structural 
weakness and it is assumed that these faults existed while the hydrothermal system 
was active and were subsequently eroded or obscured. This fault system is supported 
by results presented earlier, which indicate that fault 4 played a crucial role in 
creating the hydrothermal convection pattern that led to the distribution of massive 
sulfide ore deposits found in the field. Fault 2 was either hydrologically insignificant 
or did not extend to the top of the volcanic pile. With the onset of hydrothermal 
convection, fluids initially begin to discharge through fault 4 while early recharge 
occurs through all other faults and possibly also from the NW. Circulating fluids start 
to leach base metals from the andesitelbasalt layer as temperatures increase (fig. 
533B). 
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Figure 5.33 Evolutionofthe PanoramaVHMS district from results ofheat and fluid flow modeling. 
Shaded areas represent relative degree ofalteration and thickness oflines indicate relative permeability of 
faults and intensity offluid flow. A. Intrusion ofthe granitic sill creates faults and heat transfer across the 
diorite initiates preliminary fluid movement. B. Between ~ 100 and 2,000 years, initial discharge and 
recharge patterns establish and hydrothermal convection commences; potential ore body above fault 4 
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This initial convection system emerges from simulations at high rock and fault 
permeabilities, where fault 4 exhibits an early, brief period of fluid discharge lasting 
around 2,000 years. At this stage the overlying volcanic rocks have experienced little 
alteration, faults are probably highly permeable and fluid discharge temperatures and 
velocities rise, thus preventing significant mineral precipitation in faults. This could 
have led to the formation of a massive sulfide deposit, that either still awaits 
discovery or has been subsequently eroded or redissolved, since fault 4 will 
eventually become a recharge zone. The size of this potential deposit would likely be 
small compared to the Sulphur Springs deposit, since although discharge fluid 
velocities are high, discharge temperatures are mostly between 200°C and 250°C, 
transporting lesser amounts of base metals. One explanation for the initial venting 
through fault 4 could be the surrounding stratigraphy. Of all faults, fault 4 crosses 
through the highest proportion of the highly permeable andesite/basalt layer 
(compare with figure 5.6), possibly causing early fluid discharge. The first alteration 
zones form below the Sulphur Springs and Kangaroo Caves deposits and around 
fault 4, as water-rock interaction starts to increase. 
As the system evolves, discharge temperatures and fluid flow increase and 
significant metal transport commences. Faults 1 and 5 turn into discharge zones and 
massive sulfides are deposited, forming the bulk of the ore bodies (fig. 5.33C). Fault 
4 has now turned into a recharge zone and likely supplies a significant proportion of 
the fluids which form several convection cells within the andesite/basalt layer, 
leaching base metals and transporting these through the peripheral faults of the 
system. At the beginning of phase C fault 3 is predicted to be a recharge zone. 
Simulation results do not reveal precisely when fault 3 becomes a discharge fault, but 
it is assumed that between 2,000 and 10,000 years fault 3 turns into a discharge zone, 
facilitating the formation of the Kangaroo Caves deposit as the hydrothermal system 
reaches the peak of its activity. This change in the hydrothermal convection regime 
could simply be an increase in hydrothermal activity creating additional fluid flow 
pathways (faults 1 and 5) and recharge occurring through fault 4 and initially also via 
fault 3. The most intense alteration occurs within the andesite/basalt layer below ore 
deposits and as alteration zonation mapping by Brauhart (1999) and oxygen isotope 
mapping by Brauhart et al. (2000) suggest, faults 1 and 3 both experience the largest 
fluid flux with discharge temperatures in excess of 250°C. As shown earlier, at this 
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stage, the major part of all respective ore bodies is predicted to form, which is also 
reflected in the development of discharge fluid velocities, which decline rapidly 
towards the end ofphase C in figure 5.33. 
After about 10,000 years, fluid velocities and temperatures begin to drop and 
hydrothermal activity starts to decrease due to the cooling of the underlying granitic 
sill. At this stage rock and fault permeabilities probably begin to decline due to the 
precipitation of minerals such as quartz in the faults and thermal contraction; fluid 
temperatures eventually drop below 150°C after about 150,000 years. Resulting 
alteration patterns show mostly lateral distribution within the andesite/basalt package 
and around the main discharge faults (fig. 5.33D). Less intense alteration is predicted 
between faults 4 and 5 and within the rhyolite/dacite package as well as the diorite, 
which is in agreement with results by Brauhart et al. (1998). 
A possible magmatic contribution may have occurred through the intrusion of the 
inner phase granite late(r) in the life of the hydrothermal system. This intrusion 
would add to the heat budget and possibly extent the life span of the hydrothermal 
system significantly beyond 150,000 years. Additional fluid flux would aid the 
leaching process and form the late Cu-Zn-Sn veins between faults 1 and 3 (see figure 
5.33D) described by Brauhart et al. (1998). A magmatic component is also suggested 
by the range of 0180 and oD values and fluid inclusion studies by Folkert and 
Hagemann (2000) and Drieberg et al. (2001). Since there are no data available on the 
salinity distribution within the hydrothermal system, it is difficult to estimate the 
extent of a magmatic contribution and its influence on the hydrothermal system. 
5.6.1. Comparison of simulation results with other genetic models 
As mentioned earlier, there are some features of the hydrothermal system, which are 
open to interpretation. Brauhart (1999) suggested two separate water-rock ratio 
systems based on alteration mineral zonation: a high water-rock system operated by 
circulating seawater within the volcanic rock package and a low water-rock system 
within the outer-phase granite driven mainly by magmatic fluids, similar to the 
double diffusion convection model described by Nehlig (1993) or Galley and Koski 
(1999). Although simulation results cannot rule out the existence of two separate 
fluid flow systems, Rosenberg and Spera (1992) showed that a system of stacked 
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hydrothennal circulation cells in a low-porosity media, like oceanic crust, is not 
feasible. Lowell and Gennanovich (1997) also point out that brine exsolution of 
hydrothennal fluids is inefficient and hence double diffusion is unlikely to occur. 
Predicted water-rock ratios and mapped alteration is significantly lower in the 
dioritic sill and underlying granite compared to the overlying volcanic suite, due to 
the large penneability differences between volcanic and magmatic rocks. This 
implies that the dioritic sill acted as a barrier to hydrothennal circulation, and due to 
the diminished alteration underlying the volcanic rock package, it seems unlikely 
that a separate convection system developed beneath the volcanic pile. 
Numerical simulations assume a low-penneability sedimentary cover across 
the model comparable to the Marker chert described by Brauhart (1999). While 
simulation results show preferential recharge through faults, Brauhart (1999) 
assumes broad recharge zones between single fault structures, although it remains 
unclear, why fluids would freely passed through this low-penneability unit in 
recharge areas but were inhibited elsewhere. There is no other available evidence 
that supports the recharge zones suggested by Brauhart (1999) and Huston et al. 
(2001), such as a shift in oxygen or sulfur isotopes towards lower values. Since 
individual faults can change from recharge to discharge and no clear evidence exists 
that confinns large areas of significant recharge, it is argued here that the main 
recharge occurred through individual fault areas and laterally from outside the 
system. This may explain the relative small size of the Bernts deposit (mostly a 
recharge zone) and possibly the absence of an ore body above fault 4 (long recharge 
duration). 
Simulation results also clearly show the development of convection cells 
between and outside the fault system. While they detennine the relative distribution 
of alteration mineral zonation, they do not control the discharge-recharge regime as 
suggested by Brauhart et al. (1998) and Huston et al. (2001). They suggested the size 
of convection cells and shallow level of intrusion detennine the spacing of ore 
deposits. While this mechanism may apply to other ore deposit districts, results for 
the Panorama model suggest that the distribution of massive sulfide deposits is 
governed primarily by fault distribution. Evidence for this comes from simulations 
without fault 4, which show a distinctly different discharge-recharge regime, 
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indicating that fault distribution, and hence fault spacing, detennines discharge and 
recharge patterns and consequently the location ofmassive sulfide ore bodies. 
5.6.2. Evaluation of general and specific numerical models 
Compared to the Lau model presented earlier, the Panorama model contains much 
more information and detailed field observations, which allows for more refmed 
simulations where results obtained can be compared directly to field data. While 
some observations obtained from the Lau basin model are similar to those of the 
Panorama model (e.g. temperature behaviour as a function of rock permeability), 
results presented here show that the Panorama numerical model is much more 
sensitive to changes of certain modeling parameters such as porosity and thermal 
conductivity due to its detailed structure and geometry. This shows that the design 
and aim of numerical models, based on available information, affects calculations 
and results to a certain degree, which in turn may lead to interpretations (e.g. 
porosity does not influence heat and fluid transport) not necessarily reflecting the 
selective role these processes can play. Yang (2002) for example concluded in his 
study of the influence of basement relief on seafloor hydrothermal circulation that 
basement relief becomes only important when no faults are present. While this 
applies to his model, it does not necessarily hold true under other conditions or 
models with different configurations, as for example in the Lau basin model, where 
basement topography does influence heat and fluid transfer. Likewise, results from 
the Panorama model relate to the Panorama environment, which is reflected in the 
numerical model designed to incorporate geological information relating directly to 
the geology and history of the Panorama district. Certain parameters such as thermal 
conductivity or heat source are bound to exert a different influence on such a 
specialised model than a case designed to test regional heat and fluid flow patterns 
under more simplified conditions. General conclusions and implications should take 
into account the type, scale and scope of the model involved. While it can be 
problematic to decide to what extent results for different models can be extrapolated 
and generalised, a number of observations made in the numerical models 
investigated here are likely to be valid over a broad range of conditions. The 
following section compares the main features of the Lau and Panorama model and 
summarises features that are likely to apply to a wide range of conditions and 
207 
- -
Chaoter5 The Panorama VHMS model 
environments and results that are dependant on the specifics of individual models 
(Table 5.13). 
Table 5.13 Comparison of main results for the Lau and Panorama numerical model. Only features 
that are included in both models are listed (T = 
Features Lau model 
Dimensions 1276 elements (7x60 km) 
Topography 
- Surface published data 
- Basement based on surface topography and heat 
source 
Stratigraphy based on published idealised cross-
section 
Heat source geophysical data (depth and extent) 
Structure/Faults based on published data (spacing, 
depth) 
Rock properties published data 
Results Tdischame Vdischame life span 
Rock 
permeability increase decrease -
-low 
decrease increase -
- high 
Fault 
permeability 
-low - decrease ­
- high - mcrease ­
Thermal 
conductivity 
-low No significant changes 
-high 
Porosity 
-low No significant changes 
- high 
Open side mcrease increase decrease 
boundaries 
Thermal similar similar similar 
crackin2 
Discharge 150-450°C 
temperatures 
Discharge fluid < lxlO-8 to lxlO-6 m/s 
velocities 
Lifetimel > 400,000 years 
temperature; V = velocity). 
Panorama model 
1792 elements (6.5x40 km) 
no topography 
field observations 
field observations (depth, extent, 
temperature) 
field observations and inferred from 
geology 
published data and guess 
Tdischame Vdischar~e life span 
- decrease increase 
increase increase decrease 
more discharge faults 
- decrease increase 
- increase decrease 
changing discharge patterns 
-

increase shorter
 
decrease - lower
 
changing discharge patterns
 
- mcrease increase
 
decrease decrease increase 
150-400°C 
< Ix 10-8 to 5xlO-6 m/s 
229,500 years 
1 refers to hydrothermal fluid discharge 2: 150°C in a closed system 
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Both models have a similar size, but the Panorama model is constrained by field data 
and is therefore more detailed and realistic compared to the Lau model. Especially in 
the upper part of the Panorama model, where most of the fluid flow is predicted to 
occur, major stratigraphic changes occur, which, due to their hydraulic properties, 
significantly influence heat and fluid flow around faults and within individual rock 
units. Both models show comparable results in terms of fluid flow and heat 
distribution; fluid velocities vary between lxl0-8 to lxlO-6 m/s and discharging fluids 
record temperatures between 150°C and 450°C. The Lau and Panorama numerical 
models both respond in a similar manner when specific modeling conditions change, 
i.e. fluid velocity changes with changing rock and fault permeability. 
A closer look at the results shows that in the Panorama case the lack of 
topography, temperature and proximity differences of the heat source and the 
unsymmetrical structure and stratigraphy mean that the Panorama model is more 
sensitive to changes in hydrologic parameters. This becomes evident for example 
when considering porosity and thermal conductivity (see table 5.13). While results 
for the Lau model remain essentially unchanged, the Panorama model records 
significant changes in the hydrothermal discharge duration, discharge velocities and 
fluid flow patterns. While some factors, such as fault permeability, show the same 
overall response in both models, i.e. increasing fluid velocities at elevated fault 
permeability, the Panorama model in addition predicts a shorter life span and a 
change in fluid flow patterns. This demonstrates the greater sensitivity of the 
Panorama model, due to differences in the geometry and/or hydrology of the model. 
Probably the most significant differences occur in the predicted lifetime of the 
hydrothermal systems and the changing fluid flow patterns, caused by boundary 
effects and fault structures respectively. From these observations the following 
features, occurring in both models, are considered to be applicable over a broad 
range of conditions for the type of numerical-hydrological models presented here: 
•	 surface fluid discharge temperatures of major discharge faults range from 150°C 
to 400°C, comparable to black smoker venting temperatures on the seafloor (e.g. 
Tivey et aI., 1990; Von Damm, 1995) 
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•	 discharge fluid velocities reach values of IxlO-6 mls, comparable to measured 
seafloor exit velocities when converted to an appropriate discharge diameter (- 4 
mls) 
•	 strong dependence of heat and fluid flow on fault permeability and to a lesser 
degree on the permeability of the volcanic stratigraphy 
•	 hydrothermal fluid flow and associated fluid discharge patterns are governed by 
topography and fault distribution rather than width and number of convection 
cells 
•	 life span ~f  the hydrothermal system depends on boundary conditions, whereas 
venting duration of individual faults is governed primarily by fault permeability 
•	 permeability changes as a function of temperature (thermal cracking) can 
influence hydrothermal activity for individual faults but do not affect overall 
fluid flow patterns 
Other parameters such as thermal conductivity, porosity or fault extension seem to be 
of importance in regions with significant changes in hydraulic properties 
(stratigraphy) and close to main fluid flow pathways. This means that while the main 
fluid flow patterns don't change, they may be influenced on a local scale, e.g. at fault 
clusters or along significant stratigraphic boundaries. No direct conclusions can be 
drawn from the depth or type of heat source involved from these models, but it is 
expected that deep-seated heat sources would affect the temperature regime and thus 
the life span of the hydrothermal system. Despite the differences in the structure and 
geometry of both the Lau and the Panorama models, they reproduce important 
features observed or inferred from field observations such as alteration zonation, 
fluid discharge temperatures and distribution of ore bodies. 
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5.7. CONCLUSIONS 
Results have shown that numerical modeling is capable of reproducing important 
aspects of the Panorama massive sulfide district such as temperature distribution, 
relative alteration zonation and the size and distribution of major ore bodies. General 
temperature distribution is comparable with temperature estimates using oxygen 
isotope mapping by Brauhart et al. (2000) and range from 150°C at the top of the 
volcanic pile to ~ 450°C at the andesite/basalt-diorite interface. Main fluid discharge 
temperatures are highest for the Sulphur Springs deposit (350°C to 400°C) and lower 
for the Kangaroo Caves and other deposits (250°C to 300°C), at higher rock and fault 
permeabilities, and agree well with data from Brauhart et al. (2000). The general 
alteration zonation mapped by Brauhart et al. (1998) has been supported by the 
modeling, which shows highest water-rock ratios (most intense alteration) extending 
laterally within the volcanic pile and around major discharge faults. Together with 
fluid flow patterns and discharge behaviour, the results show that the most 
favourable conditions to reproduce ore bodies, alteration zonation and discharge 
patterns in the Panorama district occur at elevated rock permeabilities (10-15 m2 to 
2 2 210-14 m ) and average to high fault permeabilities (10-14 m to 10-13 m ) with all but 
one fault activated. These and other conclusions from the Panorama model suggest 
that fluid flow and hydrothermal convection is chiefly governed by rock and fault 
permeability and to a lesser degree by porosity, thermal conductivity or fault 
extension. Environments most favourable for the establishment of a significant 
hydrothermal system capable of forming major massive sulfide deposits are fresh 
volcanic rock packages, where rock properties have not been greatly compromised 
by extensive compaction or alteration, reducing the capability for significant fluid 
and heat flux. Combined with a developed synvolcanic fault system, and adequate 
heat supply, rapid hydrothermal convection can produce high fluid velocities, which 
allow the formation of major ore bodies in a few thousand years. The hydrothermal 
system may shut down by failure of the heat supply or some other processes such as 
tectonic events, which prevent adequate hydrothermal convection by reducing fault 
permeabilities and horizontal fluid flow. 
Results also suggest a distinct hydrothermal circulation model, which is in 
contrast to previous models by Brauhart (1999) and Huston et al. (2001). Recharge 
and discharge here is predicted to occur chiefly through fault zones rather than 
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through broad areas between faults, which is not supported by geological evidence 
such as isotopic shifts or the absence of overlying sediments. While there are a 
number of fault arrangements that may form massive sulfide ore deposits, only one 
scenario (faults 1, 3, 4, and 5 activated) was found to predict the distribution of 
known ore bodies over a range of conditions. Other settings are less likely to produce 
the known ore deposit distribution because they either require unrealistic deposition 
efficiency or are in disagreement with predicted alteration zonation distribution. 
With these constrains, the 4.6 Mt Sulphur Springs ore body can be formed in less 
than 5,000 years assuming a hydrothermal fluid at seawater salinity, 10 ppm base 
metal concentration and a low (:S 10 %) deposition efficiency; other deposits form 
under similar conditions. The overall life span of the hydrothermal system may be 
about 30,000 years at high rock permeability and increases to about 200,000 years 
when permeabilities decrease. 
An additional ore body is proposed above fault 4, based on results from 
numerical simulations over a wide range of conditions. Based on the size and ore 
grade of all other known deposits, the potential ore body is comparable to the Bemts 
deposit, assuming the same conditions apply (i.e. same deposition efficiency, fluid 
focussing and metal content). Since no detailed exploration work has been done 
between the Kangaroo Caves and Bemts deposit (c. Brauhart, pers. comm., 2002), 
future exploration efforts may be able to confirm the existence of an ore body above 
fault 4. Although results suggest that the Panorama hydrothermal system is capable 
of producing 'world-class' VHMS deposits, prevailing conditions at the time of 
formation may have prevented the formation of such a deposit. The Panorama district 
and other VHMS districts may be unable to sustain a high-temperature high-fluid 
flow hydrothermal system for the time required to reach such metal concentrations (~  
20,000 years). This may explain why small massive sulfide deposits are far more 
abundant than world-class ore deposits, which may require special circumstances for 
their formation. 
Fluid inclusion analysis from the Panorama district yield salinities ranging 
from 5.3 to 11.2 eq wt % NaCI and temperatures of up to 270°C (S. Drieberg, pers. 
comm., 2001). While hydrothermal fluids forming the Sulphur Springs and other 
deposits do not require elevated salinities, these observations support the 
involvement of a magmatic fluid that formed the granite-hosted Cu-Zn-Sn veins 
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found between the Sulphur Springs and the Kangaroo Caves ore bodies. A magmatic 
input would enhance hydrothermal convection and sustain temperatures and fluid 
pathways, but to what extent these fluids influenced the hydrothermal system is 
difficult to estimate, because there is little additional information available at present 
and fluid inclusions do not show any salinity zonation within the Panorama area (S. 
Drieberg, pers. comm., 200 I). How a shallow intrusion such as the Strelley granite 
might influence the development of fault systems, timing of mineralisation and the 
size of potential ore bodies in such systems could be the focus of future research, 
based on results of this study. The application of heat and fluid flow modeling can be 
a valuable tool in future exploration efforts. It is possible - when relevant geological 
information is available (i.e. heat source, regional stratigraphy and fault distribution, 
alteration mineral zonation) - to predict, where massive sulfide ore bodies can form, 
infer alteration boundaries, estimate the size of potential deposits, and the life span of 
the associated hydrothermal system. 
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Chapter 6 
The formation of VHMS deposits within a tectonic framework 
The function of this chapter is to summarise the main features of the most important 
geotectonic settings and key characteristics of VHMS deposits as they relate to the 
numerical simulation results presented here. This chapter by no means represents a 
comprehensive review of geotectonic environments of VHMS deposits; recent 
comprehensive summaries as they relate to host rock type and geotectonic setting 
have been provided by Herzig and Hannington (1995), Barrie and Hannington (1999) 
as well as Large et al. (2001). The chapter will briefly discuss the most important 
geotectonic environments, their key features and the type of massive sulfide deposit 
formed, to provide the background for chapter 7, which compares these features with 
the major findings of this study. 
The formation of most VHMS deposits is closely related to the heat regIme 
associated with either the formation or transformation of oceanic crust. The 
geotectonic settings known to host massive sulfide deposits are diverse and include 
ancient and modem divergent plate boundaries (e.g. mid-ocean ridges) and 
convergent subduction-related settings, where ore deposition occurs within an 
extensional environment of spreading centres in back-arc basins (Herzig and 
Hannington, 1995). They form preferentially in rifting environments because of the 
advection of heat in the uppermost crust (magmatic and hydrothermal), formation 
and movement of faults, and resulting hydrothermal convection and fluid circulation 
(Cathles et aI., 1983). In all cases the formation of massive sulfides is the result of 
seawater circulation with a possible magmatic fluid input; indeed there are certain 
features of VHMS deposits (e.g. preferential association with felsic volcanic rocks 
and fragmentals; location of several deposits on the same favorable horizon) that are 
better explained by a magmatic hydrothermal system or at least a substantial 
participation of magmatic fluids (Stanton, 1991). Most massive sulfide deposits are 
formed in extensional settings related to mantle upwelling of some type. Lentz 
(1998) highlighted the importance of rifts in massive sulfide generation, involving 
heat advection in the crust and the formation and movement of faults. It has also 
been established that the type, size and location of VHMS deposits is a direct 
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function of the geotectonic environment and associated rock lithology (e.g. Barrie 
and Hannington, 1995; Herzig and Hannington, 1995; Stanton, 1996; Lentz, 1998). 
From the range of environments which host massive sulfide deposits, mid­
ocean ridge systems and subduction-related back-arc environments will be 
considered here with regard to their tectonic setting and deposit characteristics, while 
other geotectonic settings which produce massive sulfide mineralisation, including 
off-axis volcanoes, sea mounts and rifts not associated with subduction (e.g. 
aulacogen), are only mentioned. A discussion of formation conditions and 
influencing factors of VHMS deposits as a function of geotectonic setting will be 
provided in chapter 7. 
6.1. Mm-ocEAN RIDGE ENVIRONMENTS 
Mid-ocean ridge (MGR) environments are characterised by thin mafic, mostly 
basaltic to andesitic oceanic crust, which is constantly produced by intrusive and 
extrusive igneous activity due to continuous intrusions of mafic material from 
shallow (1-3 km) magma chambers (Herzig and Hannington, 1995). These processes 
cause seafloor spreading and also provide the energy to drive hydrothermal systems, 
which may lead to the formation of massive sulfide deposits. Spreading rates range 
from about 2 - 4 cm/year for slow-spreading ridges such as the Mid-Atlantic Ride 
(TAG system, Snake Pit) to 5 - 8 cm/year for intermediate-rate spreading centres 
such as the Galapagos rift and the northern East Pacific Rise; fast and super-fast 
spreading systems have spreading rates of > 11 cm/year and include the East Pacific 
Rise 130N and 9°N-lOON as well as 17ON-22ON (Fornari and Embley, 1995). 
Morphologically and tectonically, slow to intermediate spreading MGR are 
dominated by pillow lavas and large scale tectonic features, while fast and superfast­
spreading ridges show more lobate and sheet lava flows and less pronounced tectonic 
features « 100 m high), which will influence the crustal permeability and location of 
hydrothermal fluid flow and venting activity (Fornari and Embley, 1995). 
Polymetallic sulfide deposits in mid-ocean ridge environments can generally 
be divided into those occurring on slow spreading ridges (e.g. TAG, Snake Pit, S. 
Juan de Fuca) and fast spreading ridges such as the East Pacific Rise (Rona, 1984). 
Figure 6.1 shows a conceptual model of a slow and fast-spreading mid-ocean ridge. 
Fast spreading mid-ocean ridges overlie a thin basaltic melt sheet, which sits atop the 
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Figure 6.1 Interpretive model ofmagma chamber, stratigraphy and general structure beneath (A) 
fast-spreading and (B) slow spreading oceanic ridges, In A, a thin basaltic melt layer is envisioned to 
underlie the ridge axis grading down into a partially solidified mush. Layered stratigraphy is considered to 
be relatively intact and most fault structures are considered to have a short vertical extent. In B, no steady­
state magma chamber exists and a dike-like mush zone forms small intrusive bodies, Crustal structure is 
much more disrupted and faults may root in the brittle-ductile transition zone near the magma chamber 
(afterSintonandDetrick, 1992;andAlt, 1995) 
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partially solidified basaltic mush and hot rock of a steady magma chamber; fault 
systems are thought to extend into the sheeted dike layer but do not reach the 
underlying gabbros or transition zone. Slow-spreading ridges probably lack a stable 
magma chamber and feature deeply rooted faults, which may penetrate into the 
brittle-ductile transition zone (Sinton and Detrick, 1992). Significant amounts of 
sediments may also accumulate on fault scarps and within the rift valley (e.g. Middle 
Valley, Escanaba Trough, N. Juan de Fuca), which will affect the formation of 
massive sulfide deposits. The differing fault extent, occurrence of sedimentation, and 
magma supply is also expected to impact on the size and grade ofmassive sulfide ore 
bodies formed in these two contrasting environments. 
6.1.1. Fast-spreading, sediment-free mid-ocean ridges 
The general settings for the formation of massive sulfide deposits in mid-ocean ridge 
environments are depicted in figure 6.2. Previous work provides sufficient evidence 
about likely fluid flow pathways in fast-spreading, mid-ocean ridge settings to enable 
a comparison (e.g. Sleep, 1991; Alt, 1995; Wi1cock and Delaney, 1996; Goodfellow 
and Zierenberg, 1999). 
In fast-spreading settings (fig. 6.2 A), a steady magma chamber drives 
hydrothermal convection, which recharges seawater at topographic lows distal to the 
heat source and discharges hydrothermal fluids at the ridge crest above the magma 
chamber. Exit temperatures compiled in table 6.1 suggest that fast-spreading ridges, 
having little or no sedimentary cover, generally show higher discharge temperatures 
compared to sediment-covered ridges and can reach values of 400°C or higher. 
These high temperatures generally result in higher base metal concentrations 
compared to slow-spreading environments (Herzig and Hannington, 1995). 
Deposition efficiency will be lower, compared to sediment-covered settings, since a 
significant proportion of the buoyant discharging fluids will be lost to the water 
column or dispersed by currents upon discharging onto the seafloor. It also seems 
reasonable to assume that fast-spreading, sediment-free settings, would possess 
higher discharge fluid velocities compared to sediment-covered settings, since the 
faster spreading rates and continuous tectonic activity wi11likely create and maintain 
highly permeable fluid flow pathways. As discussed before, predicted fluid velocities 
from numerical simulations cannot be compared directly to velocities measured on 
the seafloor (0.5 m/s to 5 m/s; Converse et aI., 1984; Cann et aI., 1985/86). 
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Figure 6.2 General features ofhydrothermal fluid flow on mid-ocean ridge environments in relation to 
massive sulfide formation. A - Sediment-free, fast-spreading settings feature fluid recharge away from 
the magma chamber, main fluid migration within the basalt-andesite volcanic layer and hydrothermal 
fluid discharge above the top ofthe heat source. Fluid velocities will probably be similar to those observed 
on the sea floor (> I m/s) but due to poor deposition efficiency and preservation potential accumulated 
massive sulfide deposits will be small, although base metal grades will likely be higher compared to 
sediment-covered ridge systems. B - Slow-spreading, sediment-covered ridge environments show fluid 
recharge in topographic depressions (rift valley) and fluid migration along basement topography to 
discharge at topographic highs, where massive sulfide ore bodies are predicted to form based on 
numerical modeling results from chapter 4. Due to the sedimentary cover, emerging fluids mix with 
seawater, fluid temperatures and fluid velocities are lower but hydrothermal activity is likely to last 
longer, resulting in larger ore bodies, but lower ore grades. Thickness of arrows indicate significance of 
fluid flow (modified from Sinton and Detrick, 1992). Flow lines in A inferred from Alt (1995) and 
Goodfellow and Zierenberg (1999). Flow lines in B based on this study. 
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Table 6.1	 Comparison of discharge temperatures of sediment-covered and barren mid-oceanic 
ridges; data are taken from Von Damm (1995) 
Discharge temperatures Discharge 
Location COC) Location temperatures COC) barren ridges 
sediment-covered rid2e 
Guayama Basin 100-315 EPR 9-10° N <403 
Escanaba Trough 108-217 EPR nON 347 
Middle Valley, JdF 264-276 EPR BON 317-380 
EPR 21° N 273-355 
Mid-Atlantic Ridge 335-350 
TAG 290-321 
Endeavour Segment, JdF 346-370 
However, when modeling data are applied to individual vents structures, fluid 
velocity values are in agreement with field observations and it is assumed that 
measured values are also representative of discharging hydrothermal fluids for 
sediment-free settings. 
Major hydrothermal fluid flow will occur predominantly within the 
uppermost layer of volcanic rocks (basalt-andesite) and the top of the sheeted dike 
section, which defmes the extent of hydrothermal alteration within the most 
permeable rock units (basalt-andesite) and around major fault structures. Although 
hydrothermal systems at fast-spreading mid-ocean ridges are potentially long-lived, 
the poor preservation potential and fast spreading rates mean that the short life span 
of such hydrothermal systems limits the size of accumulating ore bodies, which are 
smaller than those forming at sediment-covered mid-ocean ridges (Herzig and 
Hannington, 1995). Goodfellow and Zierenberg (1999) for example calculated that 
for slow half-spreading rates of 1.5 cm/year, deposition sites would move about 300 
m away from the heat source in a geologically short time (~  20,000 years). With 
spreading rates at fast-spreading ridges being significantly higher, removal of 
deposition sites would occur even faster. 
The mineral zonation of base metal deposits on sediment-starved ridges 
includes a high temperature (300°C - 400°C) component (isocubanite-chalcopyrite) in 
the interior of sulfide mounds, with the outer portions made up mostly of 
sphalerite/wurtzite and pyrite, representing a distinct gradient in fluid temperatures 
and fluid composition. A thermal cracking zone as proposed originally by Lister 
(1974) probably develops below both settings, the extent being governed by the size 
and intensity of the heat source. It will influence the discharge behavior of fluid 
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conduits nearby but is unlikely to greatly influence the hydrothermal convection 
system, as previously shown in chapter 4. 
6.1.2. Slow-spreading, sediment-covered mid-ocean ridges 
Simulation results of the Lau basin in chapter 4 suggest, that sediment-covered ridge 
environments (fig. 6.2 B) are characterised by a different convection scheme and 
different base metal deposits. Major fluid recharge occurs predominantly in the axial 
rift valley and high-temperature hydrothermal fluids discharge at topographically 
elevated regions (i.e. fault scarps of individual ridge segments) which has been 
predicted by numerical modeling in chapter 4, observed by Fouquet et al. (1993) for 
the Lau basin (Valu Fa Ridge) and postulated by Herzig and Hannington (1995). 
This recharge-discharge regime is controlled by fault location and the basement 
topography, which causes higher temperatures at elevated topographic positions 
compared to topographic lows, due to elevated crust overlying the magma chamber 
(Herzig and Hannington, 1995). This is the driving mechanism that forces 
hydrothermal fluids to travel to and discharge from topographic highs after 
significant fluid flow through permeable volcanics and along basement structures 
due to large permeability differences between adjacent rock layers. The proposed 
convection scheme applies even if faults near the heat source extend to the magma 
chamber or if these faults show a higher permeability. The axial portion of the rift 
valley may also act as a zone of fluid recharge (see stippled arrows in figure 6.2 B) 
under certain conditions, probably when tectonic activity creates fluid flow pathways 
in the axial section and allows seawater to migrate towards the heat source. 
Ohmoto (1996) claimed that submarine depressions are the most favorable 
sites for formation and preservation of massive sulfide ore. However, this general 
assumption does not take into account basement topography as proposed, for 
example by Sinton and Detrick (1992), where the extension of oceanic crust leads to 
the formation of a rift valley with rising flanks and the establishment of a significant 
thermal gradient across the valley. The focus of discharging hydrothermal fluids in 
submarine depressions is probably due to a strong permeability increase caused by 
caldera subsidence associated with submarine depressions (Ohmoto, 1996). While 
this process may apply to some settings, such as the Hokuroko massive sulfide 
district, it is not considered to be a universal feature, because of preferential 
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hydrothermal fluid discharge at several elevated topographic positions observed on 
the seafloor (e.g. Fouquet et aL, 1993; Herzig and Hannington, 1995). 
Fluid discharge also occurs in the axis of the rift valley directly above the 
magma chamber. The lack of a steady magma chamber, as observed for example in 
the Escanaba trough, probably leads to irregular high-temperature fluid discharge 
(Zierenberg et aL, 1993) ana may be coupled to episodic magmatic-tectonic activity 
below, which may trigger a pulse of hydrothermal fluid to discharge onto the 
seafloor. While these episodes of hydrothermal activity could still produce massive 
sulfide mineralisation it is suggested that they are of less importance than those 
occurring at distal, off-axis, elevated topographic positions, due to their sporadic 
nature. This proposal is also supported by numerical simulations, which predict that 
the main fluid discharge commonly occurs at topographic highs, away from the top 
of the magma chamber. 
The restricted hydrothermal circulation and heat transfer due to significant 
sedimentary coverage (up to 1,000 m in the Escanaba trough; Zierenberg et aL, 1993) 
leads to important differences in the style of sulfide mineralisation at sediment­
covered ridges, where large-scale, long-lived hydrothermal circulation enables the 
formation of large(r) sulfide deposits (e.g. the Bent Hill deposit; Goodfellow and 
Zierenberg, 1999). The structure of the upper oceanic crust for sediment-covered 
spreading centres is different, in that the sheeted dikes pass upwards into a layered 
sill-sediment complex, which prevents rapid cooling of the oceanic crust. The cross­
stratal, low permeability sediments, which operate as a thermal blanket, restrict 
significant fluid discharge to highly permeable areas such as fault regions, and may 
also act as a hydrothermal fluid reservoir (Goodfellow and Zierenberg, 1999). These 
fault regions can also provide long-term conduits for hydrothermal flow at 
topographic highs and contribute to the larger size of massive sulfide deposits in 
slow-spreading, sediment-covered environments. Compared to the massive sulfide 
mineralogy from sediment-free settings, sulfides from sediment-covered settings do 
not show such a distinct zoning and are rather complex and often interspersed with 
sediments. They contain abundant galena, Cu and Zn-sulfides, as well as sulfosalt 
minerals which are otherwise fairly rare such as boulangerite [(Pb,Zn)sSb4S11], 
stannite [Cu2FeSnS4], franckeite [PbsSb2Sn3S14] or native bismuth (Herzig and 
Hannington, 1995). In both settings zone refining maybe observed, where metals 
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soluble at higher temperatures are reprecipitated at lower temperatures in the outer 
part of the mound (e.g. Escanaba trough; Zierenberg et aI., 1993). Hydrothermal 
alteration in sediment-covered mid-ocean rift environments is expected to show 
similar intensity within the volcanics compared to sediment-starved settings. Both 
settings may exhibit spatially zoned hydrothermal alteration zones, where alteration 
intensity increases as a function of proximity to the sulfide feeder zones. The 
mineralogy and extent of these alteration zones will depend on the chemistry of both 
the sediments and the discharging hydrothermal fluids. 
Besides the above-mentioned examples of oceanic rift environments, there are also 
massive sulfide deposits forming at sediment-covered mid-ocean ridges close to 
continental margins (e.g. Escanaba Trough, Southern Gorda Ridge, Guaymas basin). 
Here, hydrothermal fluids ascend from the basaltic basement, interact with continent­
derived turbiditic and hemipelagic sediments, and mix with seawater to form massive 
sulfides (Herzig and Hannington, 1995). The mineralogy of these sulfide deposits is 
similar to those formed at sediment-covered oceanic rift settings. Due to the poor 
preservation potential of this type of environment, the number of older examples of 
massive sulfide formation in mid-ocean ridge environments is smaller compared to 
other geotectonic settings and includes those of known ophiolite complexes (e.g. 
Troodos, Cyprus, Josephine), as well as the Besshi deposit in Japan, the Windy 
Craggy deposit or the Tumer-Albright deposit in Canada (Peter and Scott, 1992; 
Barrie and Hannington, 1999; Galley and Koski, 1999; Harper, 1999) 
6.2. BACK-ARC BASIN ENVIRONMENTS 
Although ore-forming processes in back-arc environments are similar to those 
described at mid-ocean ridge spreading centres, observed differences in 
hydrothermal fluids and base metal deposits depend on the physico-chemical 
properties of the crust, which in turn are controlled by the tectonic setting (Fouquet et 
aI., 1993). Most back-arc basins develop when new crust is formed behind an island 
arc as illustrated in figure 6.3, either due to the forceful injection of a diapir behind 
the arc due to subduction, or retreat of the overriding plate (Moores and Twiss, 
1995). 
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Figure 6.3 Schematic diagram illustrating a low-stress (extensional) back-arc environment 
showing the general distribution of tholeiitic and calc-alkaline felsic volcanic rocks. Large arrows 
indicate direction of relative plate movement and upwelling melting asthenosphere. OIB - oceanic 
island basalt; MORE - mid-ocean ridge basalt (modified from Lentz, 1998). 
Either of these processes lead to the generation of bimodal volcanism generating 
tholeiitic-felsic volcanics as well as MOR-like basalts as the back-arc basin evolves. 
The rock geochemistry is explained by rhyolitic to dacitic partial melts produced by 
the introduction of mafic magmas and their rapid movement to the near-surface 
environment (Lentz, 1998). The type of deposit produced in back-arc basins largely 
depends on the basement rock type, which is related to the maturity of the back-arc 
system (Fouquet et aI., 1993). Therefore, VHMS deposits are divided here into those 
occurring in nascent (immature) back-arc basins and mature or evolved back-arc 
basins. 
6.2.1. Nascent back-arc basins 
The range of volcanic rocks occurring in immature back-arc basins is characterised 
by bimodal-mafic volcanism, which includes both mid-ocean ridge basalts and 
differentiated suites of calc-alkaline volcanics. The production of these rocks 
represents an early phase of the development of the back-arc system, when spreading 
of newly formed crust is already underway, but the amounts of mafic material 
produced is yet comparably small and the ratio of felsic to mafic rocks is 3: 1 or 
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greater (Barrie and Hannington, 1999). Examples of VHMS deposits linked to 
immature back-arc basins include the West Shasta basin (Barrett and MacLean, 
1999); modem examples include the Manus basin and the western Woodlark basin. 
Massive sulfides found in immature back-arc basins contain mineral 
assemblages also observed in mid-ocean ridge environments such as pyrite, 
chalcopyrite, sphalerite and· marcasite, but differ in that they can also contain 
abundant barite and lack pyrrhotite, isocubanite and pyrite in Zn-rich assemblages 
(e.g. Lau basin; Fouquet et aL, 1991a,b). Mineral zonation varies for the different
 
deposits considered here, but in general the absence of pyrrhotite and a distinct
 
vertical zonation from the top of the deposit downwards (barite-sphalerite­

chalcopyrite ± tennantite), separates massive sulfide deposits in back-arc
 
environments from those occurring in mid-ocean ridge settings (Fouquet et aL,
 
1993). The vertical mineralogical zoning, as described by Fouquet et aL (1993), for
 
the Lau basin is a distinct feature that sets it apart from deposits formed in mid-ocean
 
ridges settings and relates to differences in lithology and consequently the style of
 
faulting (i.e. less distinct fault development and fault offsets). This together with
 
other evidence suggests that the Lau basin may be in an intermediate stage between a
 
nascent and a mature back-arc setting. These differences in the lithology and fault
 
styles suggest that ore bodies forming in such environments (e.g. back-arc basins) are
 
probably more disseminated, may extend laterally for some distance and show
 
predominant stockwork mineralisation. How much the presence of felsic volcanic
 
rocks, with a lower overall rock permeability, will affect the formation and grade of
 
VHMS deposits, depends not only on the amount of felsic volcanics relative to mafic
 
components, but more importantly on the timing of emplacement of felsic rock units
 
relative to the formation of massive sulfide deposits.
 
6.2.2. Mature back-arc basins
 
Mature or more evolved back-arc basins develop from immature back-arc settings
 
when back-arc spreading has advanced to such a stage that a transition from calc­

alkaline volcanism to predominantly MORB-BABB (back-arc basin basalt)
 
volcanism occurs, which can also include shoshonitic volcanics (Syme et aL, 1999).
 
Modem examples of mature back-arc basins include the Mariana trough or the North
 
Fiji trough; older deposits belonging to this environment include VHMS deposits
 
from the Noranda district in Canada (Barrie and Hannington, 1999).
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Massive sulfide mineralisations in mature back-arc settings are similar to those found 
at sediment-starved mid-ocean ridges with regards to their general sulfide 
mineralogy zonation (Fouquet et aI. 1993) as well as hydrothermal fluid chemistry. 
This similarity is shown for example in the North-Fiji basin (Bendel et aI., 1993; 
Halbach et aI., 1999) and may be expected, since rock lithology and tectonics is 
similar for both settings. Sawkins (1990) argued that copper-rich VHMS deposits 
form most typically either in the early stages of arc development or in back-arc 
settings of more tholeiitic than calc-alkaline magmatic character (i.e. mature back-arc 
basins). A comparison of average base metal values for different back-arc settings 
from a variety of published data shows disagreement with these predictions (fig. 6.4). 
Instead, data show a rather wide spread of copper concentrations, zinc enrichment in 
immature back-arc settings and a general lead enrichment in mature back-arc 
samples. 
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Figure 6.4 Comparison of average base metal values from different back-arc basin settings. 
Certain trends suggested by these data (higher Zn and lower Pb in nascent back arc basins, no 
difference in Cu content between nascent and mature setting) do not reflect predictions based on host 
rock metal values and leaching mechanism. This is likely due to the bias in sampling sea floor massive 
sulfides and caution must be exercised when using these data (see text for explanation). The 
characteristics for continental back-arc basins (highest Pb values, lowest Cu) is in general agreement 
with observations (Barrie and Hannington, 1999), while zinc values are probably not representative of 
VHMS deposits in continental rift settings. Data from Fouquet et al.(1993) and Herzig et al. (1993). 
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This discrepancy with inferred trends is clearly due to the limitations and biases in 
sampling and likely also depends on the nature of the underlying basement. This 
makes it difficult to clearly demonstrate a preferential enrichment of certain base 
metals in modem VHMS deposits and highlights the caution, which must be 
exercised when making comparisons, and drawing conclusions based on typical 
seafloor sulfide samples. 
Another likely factor that influences these results is that within mafic or 
bimodal systems, rock lithologies and other factors (permeability, level of 
preservation, deposition mechanisms) of individual massive sulfide mineralisation 
sites are highly variable. In cases where continental crust or more differentiated rock 
units are involved, massive sulfide mineralisation is likely to show base metal values 
that may not fit into established tectonic-metal grade categories due to the 
differences in base metal content ofmafic and felsic rocks. 
6.3. CONTINENTAL BACK ARC RIFT ENVIRONMENTS 
Economic massive sulfide deposits are commonly formed in association with felsic 
volcanism in bimodal-siliciclastic settings, where back-arc riiling occurs in 
submarine continental crust or when a substantial portion of continental crust is 
involved in the formation process (Barrie and Hannington, 1995; see figure 6.5). In 
fact, the great majority of VHMS districts, and in particular the most productive 
mining camps, are associated with bimodal andesitic-rhyolitic and tholeiitic-rhyolite 
volcanic edifices (Lydon, 1996). 
Perhaps the most famous and well-studied massive sulfide district in a back-arc 
continental rift environment is the Hokuroko district in Japan, where the typical 
mineralogy and mineral zonation was first described and has since served as a basis 
for the development of genetic models of massive sulfide deposit formation for a 
variety of tectonic settings. The common mineralogical zonation from top to bottom 
of a sulfide mound includes: barite ore (barite > sulfide), black ore/Zn-Pb-rich ore 
(sphalerite ~  barite > pyrite ~  galena), yellow ore/Cu-rich ore (chalcopyrite ~  pyrite> 
sphalerite) and pyrite ore, which is also synonymous with the formation history, i.e. 
black ore formed during the early stages, while the yellow ore formed as replacement 
products of the black ore at temperatures > 280°C (Ohmoto, 1996). Massive 
gypsum/anhydrite may develop peripheral to and underneath the ore body. 
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Figure 6.5 Schematic diagram showing a continental back-arc environment where rifting 
within continental crust produces a marine milieu underlain by dominantly felsic rocks. Large arrows 
indicate direction of relative plate movement and upwelling melting asthenosphere (modified from 
Ohmoto, 1996). 
Other possible examples of massive sulfide deposits in continental-rifted 
environments include the Skellefte and Bergslaken district in Scandinavia, the South-
Dral deposits, the Bathurst district in Canada, the Iberian Pyrite Belt, the Mount 
Read Volcanic belt (MRV) in Tasmania or the North Pilbara Terrain in Western 
Australia, host to the Panorama massive sulfide district modeled here (e.g. Crawford 
and Berry, 1992; Weihed et aI., 1992; Brauhart et aI., 1998; Barrie and Hannington, 
1999; Brown and Spadea, 1999). Mineralisation showing characteristics very similar 
to those the Hokuroko district but are hosted by different geotectonic settings are the 
JADE hydrothermal field in the Okinawa trough (Back-arc basin - Rona and Scott, 
1993) or the Sunrise deposit in the Izu-Ogasawara Arc (Island arc - Iizasa et aI., 
1999). 
6.4. VOLCANIC FACIES AND CONTROL ON VHMS DEPOSITION 
A number of studies have shown that there is a strong correlation between volcanic 
facies, rock type, and the base metal content of VHMS deposits (e.g. Scott, 1987; 
Stanton, 1991; Stanton, 1994; Herzig and Hannington, 1995; Scott and Binns, 1995; 
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Ohmoto, 1996; Barrie and Hannington, 1999). This relationship can be attributed to 
the nature and physical attributes of different rock types as well as their formation 
conditions. As stated by Large et al. (2001), the complex assemblages of texturally 
and compositionally diverse volcanic facies described in detail from a number of 
Australian VHMS deposits include lavas and domes, diverse volcanoclastic facies 
and synvolcanic intrusions· as well as sedimentary facies and illustrate the wide 
spectrum in the volcanic environments ofmassive sulfide ore formation. 
As mentioned earlier, mafic rocks on the modem seafloor consist mostly of 
basaltic lava flows manifested predominantly as pillows. Basaltic lavas also show 
other morphologies such as thick massive tabular flows, sheet and lobate flows as 
well as block lava (McPhie et aI., 1993). These lavas can be multilobed and 
multitiered and since pillow lavas are in fact cross-sections of interconnected tubes 
and lobes oflava (Cas, 1992; McPhie et aI., 1993), it is reasonable to assume that the 
majority of mafic rocks will possess a significant lateral permeability. As described 
by Cas (1992), the range of features common to pillow lavas include contractional 
cracks due to cooling, internal joints and types as well as extensional cracks. The 
degree of vesiculation in basaltic lavas is in large part dependent on the confining 
pressure (Cas, 1992) and the average reported vesicle content decreases from> 20 
percent to near zero with increasing depth (Moore, 1965; Jones, 1969; Staudigel and 
Schminke, 1984). The deposition of predominantly massive mafic lavas and 
intrusions at depth (> 1,500 mbsl) therefore produces little degassing, creating less 
vesicularity compared to felsic equivalents (Stanton, 1994), as shown below. 
Characteristics presented above indicate, that coherent domains of lavas and 
intrusions are likely dominated by fracture-controlled porosity and permeability 
(Large et aI., 2001), which will allow major fluid migration within these rocks as 
well as between individual rock units. 
In contrast, felsic rocks are composed of a variety of different rock types and 
facies and may include massive rock units such as lava domes, flows, cryptodomes, 
autobreccias, and hyaloclastites as well as a variety of volcaniclastics rocks (Cas, 
1992). While massive units may display internal structures similar to those of mafic 
volcanics, they are less laterally extensive and exhibit distinct internal features such 
as flow banding as well as porphyritic and aphanitic textures (McPhie et aI., 1993). 
They may occur as lobes and pods propagating from master feeder dikes, which may 
be enclosed in hyaloclastites (Yamagishi and Dimroth, 1985; Yamagishi, 1987). 
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Other features include up-doming of overlying sediments or rocks due to high-level 
intrusions (cryptodomes) as well as sills and dikes (McPhie et aL, 1993). 
Volcaniclastic facies associated with VHMS deposits may be divided into a) 
thick, massive to graded beds of rhyolitic pumice breccia, b) thick, massive to 
diffusely stratified crystal-rich sandstone, c) thick to very thick, massive to graded 
beds of polymictic volcanic conglomerate or breccias, and d) pale, massive or 
laminated shard-rich sandstone (Large et aL, 2001). Volcanoclastic rock units and 
vesicular hyaloclastite breccias can make up large volumes and present important 
facies in subaqueous environments together with other facies types such as tuffs, 
ignimbrites, pyroclastic flow deposits and turbidites (Cas, 1992). The complexity of 
felsic volcanics rocks that may be encountered is described in detail for example by 
Allen (1992)_ from the Benambra deposit in Victoria!Australia. The diversity and 
structural differences inherent in the range of rock types described above indicate 
that submarine felsic rocks and especially volcanoclastic successions will posses at 
least initially very high permeability and porosity (Large et aL, 2001). This is 
supported by the fact that felsic rocks and in particular pyroclastics degass to a much 
greater degree than basaltic rocks (Stanton, 1994), which can produce vesicularity 
values of up to 60 percent in pumicious layers (Cas, 1992), retained in the rock due 
to the high confming pressure imposed by the water column (Cas, 1978). 
From observations presented above it seems likely that volcanic settings may be 
quite diverse in character and likely exert a significant influence on the style and 
metal content of VHMS deposits. In simple terms, massive and clastic volcanics 
exhibit different styles ofporosity and permeability distribution (Large et aL, 2001). 
Deposits hosted mostly by mafic and intermediate lavas and intrusion­
dominated volcanic rocks with major synvolcanic structures are likely to produce 
well-defined, mound-shaped ore bodies with pipe-like alteration features and 
focussed hydrothermal fluid flow as found for example in the Hellyer deposit (e.g. 
Gemmell and Large, 1992; Large et aL, 2001; Schardt et aL, 2001). Other massive 
sulfide deposits with a significant mafic footwall proportion such as the well-mapped 
Panorama VHMS district in Western Australia are an indication that in mafic 
volcanics, alteration features are likely more clearly defined (i.e. semiconformable 
alteration zonation; Brauhart et aL, 1998) than in felsic rock units. This is due to the 
more lateral-oriented permeability distribution of submarine mafic rock as discussed 
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above but may also depend on the depth of formation and other local conditions such 
as degree of compaction and alteration. 
6.5. HOST ROCK INFLUENCE ON THE METAL CONTENT OF VHMS DEPOSITS 
Apart from the structural impact of host rocks on massive sulfide ore bodies, the base 
metal content of volcanic host rocks also influences the actual metal content of ore 
bodies. Figure 6.6. and 6.7 illustrate a number of obvious relationships between the 
type of host rock, the average base metal ratio and the total tonnage of VHMS 
deposits. Scott and Binns (1995) and Ohmoto (1996) also state that VHMS deposits 
associated with mafic volcanics tend to contain less Pb and Ba since they are less 
abundant in mafic rocks, while Zn does not seem to depend strongly on rock type. 
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Figure 6.6 Comparison of total base metal tonnage as a function of host rock lithology. Mafic 
rocks (> 75 % mafic rocks, < 1 % felsic rocks) host the smallest amount of base metal deposits 
compared to all other settings, which is explained by the poor preservation of mafic-hosted massive 
sulfide deposits; bimodal-silicic1astic rocks host the largest tonnage ofVHMS deposits because of the 
good preservation potential and longevity of these environments (continental rifling). Data from 
Barrie and Hannington (1999). 
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VHMS deposits hosted in bimodal-mafic volcanic rocks as defined by Barrie and 
Hannington (1996) are the most common type and have the second highest average 
Cu content after deposits hosted by mafic volcanics (fig. 6.7). This relationship is 
supported by the fact that mafic volcanics contain about twice the amount of copper 
than felsic equivalents (180 ppm vs. 90 ppm respectively; Stanton, 1991). 
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Figure 6.7 Comparison of average base metal content in VHMS deposits for the range of 
observed host rock lithology. Highest Cu grades occur in deposits hosted by mafic volcanics which 
otherwise show the lowest content of Zn and Pb. Bimodal-mafic assemblages such as those occurring 
in nascent back-arc basins host the most common deposits in terms of occurrence and show the second 
highest copper content but lower values for lead and zinc compared to other settings. The bimodal 
fe1sic suite records the highest average total base metal (Cu+Zn+Pb) content of 8.6 wt % (data from 
Barrie and Hannington, 1999). 
Massive sulfide deposits produced within felsic volcanic rocks (e.g. Hokuroko 
district, Japan; Okinawa trough) or pelitic sediments (e.g. Rammelsberg, Germany) 
show the highest amount of zinc and contain abundant quantities of lead, but little 
copper (Scott, 1987; Scott and Binns, 1995; fig. 6.6). They also host the largest 
amount of base metals in both tonnage (fig. 6.7) and individual deposit size. To a 
certain extent these relationships also reflect the basement lithology, which will 
likely influence the relative amounts and kind of base metal preferentially 
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accumulated. Overall, VHMS deposits formed in mafic-dominated volcanics make 
up the smallest percentage in terms of total base metals but exhibit the highest Cu 
grades. However, more that 55 percent of massive sulfide deposits worldwide are 
associated with felsic rocks, which indicates that young back-arc spreading centres 
have been an important setting for the formation of large massive sulfide ore deposits 
(Herzig and Hannington, 1995). 
These relationships are considered to be a direct consequence of the base metal 
content of basement rocks and the leaching of relevant metals by circulating 
hydrothermal fluids. Mafic rocks on average contain about 180 ppm of copper, 80 
ppm zinc and ~ 3 ppm lead, while felsic equivalents contain about 90 ppm Cu, about 
75 ppm Zn but ~  9 ppm Pb (Stanton, 1994). Accordingly, mafic-hosted VHMS 
deposits are commonly copper rich (> 2 %), while felsic equivalents commonly 
contain little Cu. The distribution of lead follows the same logic; felsic rocks contain 
about three times as much lead as mafic rocks and thus yield the highest average lead 
values in associated VHMS (Stanton, 1991). The distribution of zinc on the other 
hand is not readily explained because, although mafic rocks contain at least as much 
zinc as felsic rocks, mafic-hosted massive sulfide deposits actually show· lower 
average Zn values (see figure 6.7). Some other mechanism in addition to volcanic 
leaching by hydrothermal fluids must be considered to control the distribution of zinc 
in VHMS deposits. 
Stanton (1991) has argued for a magmatic input to explain the distribution of 
zinc by invoking crystallisation of a melt to supply different amounts on zinc to the 
hydrothermal fluid. Alternatively, the formation and dissolution of anhydrite may 
also influence the zinc content ofVHMS deposits, as discussed in detail in chapter 7. 
The relationship between the base metal content of the host rocks and observed base 
metal content ofVHMS deposits, as a function of geotectonic setting, is examined in 
more detail in the following chapter. 
6.6. GEOTECTONIC POSITION OF BASE METAL DEPOSITS 
The limited and inadequate knowledge of size, shape and composition of present 
seafloor hydrothermal mineral deposits resulting from inadequate measurement and 
sampling techniques produces disagreement between inferred trends and actual data 
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on the base metal distribution in different geotectonic settings. Despite these 
shortcomings, a general plot of base metal distribution - considered representative of 
massive sulfides ore bodies in these environments - is presented here based on 
published drill core data for modem seafloor settings (Middle Valley - Krasnov et 
aI., 1994; TAG - Peterson et aI., 2000) as well as deposit data from mined deposits 
of well-researched districts (fig. 6.8). In terms of base metal content, copper-rich 
deposits (> 2 wt %) are likely to form in mafic-dominated environments as shown for 
the Abitibi district or the TAG site on Mid-Atlantic ridge (Barrie and Hanington, 
1995). Copper content is lowest in sedimented or immature transitional settings 
while other environments exhibit intermediate values. Lead is generally enriched in 
continental rift settings and is low in environments containing significant amounts of 
mafic rocks. As mentioned above, zinc does not follow a clear trend but is generally 
enriched in back-arc rift environments. 
In this regard it is interesting to consider the average base metal data of the MRV, 
which lie well above average base metal values recorded elsewhere except for Cu 
(fig. 6.8). The reason for this unusual enrichment in zinc and lead is not well 
understood, but the geotectonic model proposed for the Mount Read Volcanics may 
offer an explanation. According to Crawford et aI. (1992) and Crawford and Berry 
(1992) the Mount Read Volcanics represent a postcollisional magmatic lava suit, 
generated from an unknown mantle source due to relaxation rifting following a 
Cambrian arc-continent collision. It is assumed here that the process of convergence 
created deep-reaching faults, either enabling hydrothermal fluids to tap into mafic or 
other rock units enriched in base metals or allowing metal-rich magmatic fluids to 
rise to the surface to form ore deposits with exceptionally high zinc and lead content. 
This would explain the unusual high Zn and Pb values for most MRV deposits and 
account for the large size of some deposits (e.g. Mt. Lyell - 312 Mt). The giant 
deposits hosted by the Iberian Pyrite Belt (IPB) such as the Rio Tinto (334 Mt) 
would also fall into this category, since this district has also experienced collision 
prior and during ore deposit formation, even though average base metal values are 
lower. 
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Figure 6.8 Summary plot of average base metal grades and maximum known deposit size for VHMS 
deposit in different geotectonic settings. Plotted data are considered representative of typical deposits in 
their enviromnent and show a clear division between copper-rich deposits in mafic-dominated settings 
(TAG, Abitibi) and copper-poor domains elsewhere. The opposite trend is shown for lead, which is 
enriched in enviromnents with significant felsic/sedimentary input (immature back-arc, continental 
settings) while zinc is somewhat variable but seems especially enriched in immature or transitional? back-
arc settings (MRV). In terms of average ore deposit size, continental settings and back-arc basins are 
clearly hosting the largest VHMS deposits known, which is due to their high preservation potential and 
geotectonic circumstances (see text for explanation). It is important to point out that some deposits 
represent transitional types and that deposits may vary significantly within one setting with regards to 
their base metal content and size. TAG - Peterson et al. (2000); Middle Valley - Krasnov et al. (1994); 
Abitibi, MRV, IPB - GEODE VHMS database from Large and Blundell (2000); Bathurst camp -
McCucheon (1992) and Lentz (2002); Hokuroko - Tanimura et al. (1983); China - Zengqian et al. (1999). 
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A more detailed concept has been developed by Solomon and Quesada (2003), who 
argued that oblique convergence in both the IPB and MRV resulted in transcurrent 
faulting, enabling the rise of saline, magmatic fluids to the surface to form brine 
pools, which may then form large, Zn-Pb-rich massive sulfide deposits. 
In contrast, Hokuroko-type deposits formed in marine basins during regional and 
local extension. 
The formation of any mineral deposit is strongly influenced by the duration of the 
(magmatic) heat source, associated fluids, rock lithology, and the preservation 
potential. The size of VHMS deposits is clearly bound to the involvement of 
continental crust and/or felsic volcanics. Due to the nature of continental rift settings 
with a steady heat source and stable continental crust, massive sulfide deposits 
formed in this environment exhibit large tonnages and the greatest preservation 
potential, which probably makes them the most important class of VHMS deposits in 
terms of metal production. Back-arc environments are also able to produce giant 
massive sulfide deposits, but the largest deposits and probably the highest grade ore 
bodies seem to be connected to collisional settings as shown in figure 6.8; deposit 
size for the MRV and the IPB are well above average. In comparison, mid-ocean 
ridge environment host small VHMS deposits due to the inferred short-lived nature 
of seafloor hydrothermal system compared to continental settings and the tectonic 
evolution of the oceanic crust, which usually prevents the development and 
preservation of large VHMS deposits in oceanic crust. 
In general, VHMS deposits may be distinguished geotectonically based on 
their average base metal content (eu-rich vs. Zn-Pb rich) and relative deposit size 
(mafic vs. felsic/continental vs. collisionallextensional?). However, it is important to 
remember that within individual geotectonic settings there can be significant 
differences in deposit size, discharge fluid temperatures, and base metal content of 
deposits due to a number of factors such as host rock lithology, fault depth and 
width, heat source or the life span ofhydrothermal systems. How, and to what extent, 
these factors influence certain aspects of VHMS deposits as a function of their 
geotectonic situation (e.g. fluid flow, timing, ore body location) will be the focus of 
chapter 7. 
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Chanter 7 
An integrated model of VHMS formation 
This chapter combines field results, empirical observations and computer models 
simulating heat and fluid flow in submarine hydrothermal systems to provide 
improved insight into how submarine hydrothermal systems operate and to what 
degree certain factors exert an influence on the formation of massive sulfide deposits. 
Our current knowledge of the range of VHMS deposits and their environments is 
compared with results of numerical computer simulations of two different scenarios 
(modem Lau basin [Chapter 4] and ancient Panorama district [Chapter 5]) to 
describe the formation of volcanic-hosted massive sulfide deposits as a function of 
rock properties, and fluid properties in a variety of geotectonic settings. 
7.1. REVIEW OF ESTABLISHED RELATIONSIDPS BETWEEN VHMS DEPOSITS AND 
THEIR ENVIRONMENTS 
Besides the features discussed in Chapter 6 [6.4 to 6.6], there are a number of other 
established important relationships and connections between the mineralogy, size, 
and location of VHMS deposits, their host rocks and, by analogy, the geotectonic 
setting that produce these deposits; these are shortly summarised below. 
7.1.1. Structural control 
Major hydrothermal fluid discharge is mostly controlled by fault structures, which 
are often developed or reactivated as a response to tectonic activity such as rifting 
events or the intrusion of underlying heat sources (i.e. dikes, sills, or high-level 
magma chambers). 
However, many massive sulfide deposits do not exhibit a clear structural 
control (e.g. Reward deposit, Large, 1992; Bent Hill deposit, Goodfellow and 
Zierenberg, 1999), and controlling fault structures are often inferred but not 
confirmed or convincingly demonstrated. The shape of both the alteration zone and 
the ore body may also be unrelated to any faults. Although, in these examples, fault 
structures do not control the alteration zonation or underlie the ore deposit directly, 
faults are likely to focus fluid flow in the vicinity of deposition sites. This may be 
236 
Chapter 7 An integrated model ofVHMS formation 
especially the case in situations where a significant portion of unconsolidated 
sediment overlies massive volcanic rocks. This probably leads to fluids emanating 
from fault structures in the underlying volcanic rocks to travel within the sediment 
layer and deposit base metals away from prominent fault structures. In addition, 
important fault structures may be overprinted or reactivated as thrust faults (Large, 
1992), or be intruded by later dikes thus erasing the connection between fault control 
and fluid flow. 
Despite these fmdings, it is concluded that syn-volcanic faults are an 
important control on the location of VHMS deposits and to a certain extent the 
alteration zonation. No association is apparent between rock type and fault 
patterns/fault extent in VHMS districts. 
7.1.2. Ore bodies 
The size of VHMS deposits varies over a wide range and is related to the nature of 
the host rocks (metal supply), sedimentary cover (i.e. insulation and extension of life 
span of hydrothermal system), deposition efficiency, the participation of magmatic 
fluids, and the preservation potential which in turn depends to a large degree on the 
geotectonic location. 
Massive sulfide deposits also exhibit a number of styles depending on their 
host rock type and formation conditions as discussed by Large (1992). Massive 
sulfide deposits in mid-ocean ridge environments often form classical deposits, 
consisting of basal sulfide mounds or cones with abundant chimney structures, which 
are underlain by a sub-seafloor hydrothermal feeder zone with a stockwork 
consisting of hydrothermal breccias, veins and disseminated mineralisation (Herzig 
and Hannington, 1995; figure 7.1 A, 7.2 A and B). In regions of significant 
sedimentary cover, ore bodies tend to be larger, more stratiform, sheet-like or 
lenticular and may lack chimney structures, although they also show a developed 
stockwork zone (fig. 7.1 B; Solomon et aI., 2002). Besides these common types, 
other styles of VHMS deposits described include intrusion-related deposits (e.g. 
Mount Lyell) and strata-bound replacement deposits, which share some features with 
epithermal ores (Large, 1992). An additional deposit type that has been proposed and 
received recent attention is the formation of massive sulfide deposits within a brine 
pool (fig. 7.2 C - Solomon and Zaw, 1997; Solomon et aI., 2002). Here the main 
sulfide accumulation occurs by quenching of hot, metal-laden hydrothermal fluid 
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during mixing with cold seawater as it ascends to the surface reverses buoyancy and 
precipitates directly onto the seafloor within a brine pool. 
The ore mineralogy and mineral zonation of VHMS ore bodies is mostly a function 
of discharge temperature evolution and the location of sulfide accumulation (e.g. 
Large, 1977, 1992; Hannington et aI., 1995; Herzig and Hannington, 1995). Deposits 
exhibit a continuous range in composition from copper-dominated to lead+zinc-rich 
(+copper) deposits, which is explained by the enrichment of lithophile elements in 
the ores and the magmas, which produce them (Sawkins, 1990). Overall, the 
characteristics of VHMS ore bodies are determined by the duration and physico-
chemical conditions of hydrothermal fluid discharge (e.g. temperature, f02, pH) as 
well as the effectiveness and preservation of sulfides precipitated from these fluids. 
7.1.3. Fluids 
The chemistry of hydrothermal fluids, which form VHMS deposits, is generally 
dominated by seawater, which has undergone major changes due to fluid-rock 
reactions in the hydrothermal reservoir (Von Damm, 1995; Alt, 1995). 
Magmatic contributions are often difficult to determine because of the 
overprinting and mixing of fluids with seawater but they are considered to play a 
potentially important role. Hydrothermal fluids from the modem seafloor show low 
pH « 3 to 6) and low oxygen fugacity values. Main changes in fluid chemistry 
compared to seawater include sulfate removal due to anhydrite precipitation, 
enrichment of major cations (Si, K, Ca, Na) and metals (Fe, Zn, Pb, Cu) due to 
leaching. The chloride concentration (salinity) varies, and magnesium is usually 
absent from the fluid due to chloritisation at depth (Von Damm, 1995). Fluid 
temperatures inferred from fluid inclusions and seafloor measurements range 
between> 150°C and ~ 400°C with some values exceeding 400°C (Charlou et aI., 
1990; Fouquet et aI., 1991a,b; Von Stackelberg and Von Rad, 1994; Von Damm, 
1995). This range of temperatures has usually been explained by a threshold or 
limitation on rock permeability, which effectively restricts the temperature range of 
discharging hydrothermal fluids in these systems (Cathles, 1983, Barrie et aI., 
1999b). 
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Figure 7.1 Main features of submarine hydrothermal systems (previous page). A heat source (> 
80 km3) at shallow depth « 5 km) is driving a seawater-dominated hydrothermal convection system 
with variable magmatic fluid input. In sediment-bare environments, a mound develops above a 
mineralised sub-seafloor stockwork zone with a high-temperature inner core, a lower-temperature 
outer zone as well as debris, talus aprons and chimney structures (A). In the presence of sediments 
(B), both the inner and outer zone will be more diffuse and elongated ore lens-shaped ore bodies will 
develop (based on Lydon, 1988; Herzig and Hannington, 1995; Lydon, 1996). 
In simple terms, hydrothermal fluids responsible for the formation of VHMS 
deposits can be described as hot, low pH, metal-bearing (x 0 to x 00 ppm Zn+Pb+Cu) 
reduced fluids which commenced as seawater and have undergone changes due to 
wall rock reactions (chloritisation, albilisation, anhydrite precipitation). The metal 
content of these fluids is controlled primarily by temperature, redox, chloride content 
and pH, where copper is much more susceptible to temperature changes than lead or 
zinc (Seyfried and Ding, 1995). 
Magmatic fluids may also contribute to seafloor hydrothermal systems, 
however their significance is not clear. This is mostly due to the fact that no 
convincing magmatic signatures have been found in VHMS deposits, simply because 
any magmatic hydrothermal signature will be overprinted by seawater-derived 
convection cells (Lydon, 1996). However, a number of arguments cited in favour of 
a significant magmatic contribution include the association with felsic volcanic 
centres (Barrie et aI., 1993), volcanic fragmentals and aluminous alteration present in 
some deposits (Stanton, 1991; Poulson and Hannington, 1996) or ore deposition in 
'favourable horizons' (Stanton, 1991) and the apparent absence of vent fauna in 
Palaeozoic and younger VHMS deposits (Haymon et aL, 1984; Oudin et aI., 1985). 
Other studies also investigated the magmatic contribution to seafloor hydrothermal 
systems, i.e. De Ronde (1995), Gamo et al. (1997), Yang and Scott (1997), or 
Massoth et al. (2003). 
Overall, Lydon (1996) estimated that the contribution of magmatic fluids to the 
hydrothermal system may vary from zero to up to ~ 20 percent, depending on the rate 
and level of magma emplacement and associated decompression of the magma 
chamber. This process will also determine the amount of metals supplied from the 
magma and the salinity of exsolved magmatic fluids 
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Figure 7.2 Environments where chimney structures, massive sulfide mounds, and stratified ore 
bodies may fonn. These include A) rift graben flanks, calderas, B) sea mounds, and C) depressions or 
local basins, where a brine pool may develop, which will produce lenticular and striated rather than 
mound-style ore bodies. Brine pool deposits are thought to lack chimney structures or debris and talus 
aprons (based on Sinton and Detrick, 1992; Solomon and Zaw, 1997; and Herzig et aI., 2003) 
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7.1.4. Heat source 
The nature, depth and size of the heat source (e.g. magma chamber) will determine 
the life span of the hydrothermal system as well as the size and location of ore bodies 
(e.g. Strens and Cann, 1986; Lowell and Bumell, 1991; Cathles et aI., 1997). It is 
generally assumed that the formation of significant ore bodies (> 5 Mt with a 10 
percent base metal content) requires the emplacement of a sizeable (2: 80 km3), high-
level « 5 km) heat source in order to drive an effective hydrothermal system 
regardless of whether a convective seawater or magmatic hydrothermal system 
operates (Lydon, 1996; see figure 7.1). 
Known or inferred heat sources and subvolcanic intrusions may be roughly 
divided into four different forms representing different stages of magmatic activity as 
described by Galley (1996) and shown in figure 7.3. Large plutons or batholiths may 
be emplaced at 2: 10 km below the seafloor derived from mantle and/or partial melts 
from the lower crust. From these deep intrusions, shallow sills and stocks may 
intrude at shallow depth of less than 3 km such as the Strelley granite connected to 
the Panorama VHMS district (Brauhart et aI., 1998; fig. 7.3 B). It is also assumed 
that these types of deeper-seated heat sources are the driving force for many deposits 
such as the Hellyer deposit, where the exact location and depth of the heat source is 
unknown or the direct association with potential heat sources at depth has been 
postulated (Large et aI., 1996). 
The third level of intrusions involves vertical emplacements of dike swarms 
that feed the overlying volcanic formations (fig. 7.3 C). These dikes may form along 
synvolcanic structures as dike swarms and sill-like, semiconformable felsic intrusive 
complexes (e.g. Noranda caldera or ophiolites - Gibson and Watkinson, 1990), or a 
series of sills as in the case of the Snow Lake district (Bailes and Galley, 1999). 
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Figure 7.3 Schematic section through massive sulfide-hosting strata showing the relative 
positions of magma and heat sources. A - Magma sources from the mantle or deep partial melting can 
be found at a depth of ~  10 km. These sources may generate (B) high-level subvolcanic intrusive 
complexes, which may rise within about 2 km of the surface. C - Shallow sill-dike swarms within the 
upper kilometer or so can feed VHMS hosting rhyolites directly underlying ore bodies and may also 
extend into the hanging wall rock units. D - Dikes and sills unrelated to mineralisation may cut both 
the shallow intrusive complexes footwall dike swarms and massive sulfide deposits along long-lived 
synvolcanic structures (after Galley, 1996). 
The commonly ignored fourth type involves the fonnation of dikes and sills 
representing feeder zones to the volcanic strata in the hanging wall as observed in the 
Chisel Lake deposit (Galley, 1996). 
The life span of the hydrothennal system in turn is detennined by the 
penneability of the wall rock. Less penneable wall rocks delay the cooling of the 
intrusion and prolong the life span of the hydrothennal system (Cathles et aI., 1997; 
Barrie et aI., 1999b). Estimates of the time it takes to fonn a significant ore body, 
assuming a hydrothennal fluid carrying about 100 ppm combined Zn+Cu+Pb, range 
from a few hundred to a several thousand years depending on the size of the 
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hydrothermal system considered (Cathles, 1983; Cann et aI., 1985/86; Strens and 
Cann, 1986; Lowell and Burnell, 1991). The life span of hydrothermal systems as a 
whole ranges from < 10,000 years in young tectonic settings such as sediment-bare 
rifts (Goodfellow and Zierenberg, 1999), to a few hundreds of thousands of years in 
more mature geotectonic settings (e.g. Cathles et aI., 1997; Barrie et aI., 1999a,b). 
Another distinct feature of VHMS deposits is that they often occur in clusters 
and exhibit grouping patterns, which has been attributed to the distribution of 
hydrothermal discharge above a heat source such as a cooling pluton (Cathles, 1983), 
the distribution of calderas (e.g. Solomon, 1976; Ohmoto, 1996), or the pattern of 
faulting (Scott, 1980). An interesting observation has been made in this regard by 
Solomon (1976) who stated that the distribution and spacing of large deposits and 
whole districts (e.g. Cyprus, Hokuroko, MRV, IPB) show a correlation with their 
size. Ohmoto (1996) suggests that deposits formed closer to the heat source would be 
hotter, more matured and exhibit higher CU/Zn and Cu/Pb ratios. In addition, Lydon 
(1996) pointed out that deposits of the same cluster tend to have similarities (i.e. 
proportions of ore elements, Pb and S isotopes), which points to a common heat 
and/or fluid source. 
7.1.5. Locations 
Favoured locations for ore deposition include topographic highs like the outer faults 
of axial valleys, seamounts, and ridge crests, where buoyant crust results in the 
preferred discharge of hydrothermal fluids (Lydon, 1988; Fouquet et aI., 1993; 
Herzig and Hannington, 1995) as well as brine pools, which can develop III 
topographic depressions (Solomon and Zaw, 1997; Solomon, et aI., 2002). 
Although the formation of VHMS deposits in calderas (Lydon, 1988; 
Ohmoto, 1996) is explained by the focussing of fluid discharge in topographic lows, 
an increase in subsurface permeability associated with caldera formation is more 
likely the reason for the formation of ore bodies in calderas. While submarine basin 
structures may be a requisite for the generation of brine pools responsible for the 
formation of some VHMS deposits as proposed by Solomon and Zaw (1997) for the 
Hellyer deposit in Western Tasmania or several deposits in the IPB (Solomon and 
Quesada, 2003), these basins may well be located in topographic elevated locations. 
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7.2. NEW INSIGHTS ON VHMS GENESIS FROM NUMERICAL HEAT AND FLUID 
FLOW MODELING 
This section outlines the main results from numerical heat and fluid flow simulations 
presented in chapter 4 and 5, relating to the location, size, alteration and ore 
mineralogy ofmassive sulfides in submarine terrains. 
7.2.1. Fault properties 
The role and importance of fault structures has been tested on a regional (Lau basin) 
and local scale (Panorama district) and results emphasise the crucial role faults play 
in the process of ore body formation. Most results summarised here refer to the Lau 
basin due to its more generalised geometry; where appropriate, important 
observations from the Panorama model are incorporated: 
1) The recharge and discharge character of faults is mostly determined by their 
location relative to the heat source, existing basement topography and fault spacing. 
With a central magma chamber and significant basement topography, most fluid 
recharge is predicted to occur at topographic lows or rift valley flanks and major 
fluid discharge at elevated topographic positions as shown for the Lau basin (figure 
7.4). With no basement topography and a broad heat source as found at Panorama, 
recharge and discharge patterns are determined by the number of faults and their 
relative spacing (see figure 5.28). Fault permeability has only a secondary influence, 
but can change the usual fluid flow pattern for individual faults under certain 
conditions, i.e. at high fault permeabilites. 
2) Fault permeability controls fluid discharge temperatures and fluid velocities, 
which has a major influence on the type and size of the ore bodies. 
High fault permeabilities trigger major fluid discharge (high discharge 
velocities, lower discharge temperatures [< 350°C]) close to the heat source and 
accumulated ore bodies may lack high-temperature mineral phases (e.g. isocubanite-
chalcopyrite). 
Additional fluid discharge (higher temperatures [> 350°C], low fluid velocities) is 
also predicted to occur at topographic elevated positions with comparable large 
deposit size. 
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Figure 7.4 Comparison of main modeling results for numerical models involving different 
model geometries or boundary conditions for the Lau basin. Except for open side boundaries, which 
affects outer faults as well, topography changes are reflected primarily in the inner faults. Fault 2, 3, 5, 
and 6 act primarily as recharge faults and the biggest changes are recorded for the reduced basement 
topography model with an increase in temperature, fluid velocity and discharge duration for most 
faults (see also text for explanation). 
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Lower fault permeabilities cause a switch of major fluid discharge due to 
permeability decrease, enabling major fluid migration along basement topography 
and fluid discharge at elevated topographic positions. Exit fluid velocities are lower 
but average discharge temperatures are higher (~  385°C) and it is assumed that ore 
bodies would show high-temperature mineral assemblages. Main fluid recharge 
occurs close(r) to the heat source and increases fluid migration to off-axis areas. 
Overall hydrothermal fluid discharge duration ranges from < 10,000 to > 200,000 
years, independent of fault permeability. The longest discharge duration is always 
recorded at elevated topographic positions, while long-lasting hydrothermal 
discharge may also exist close to the heat source at high fault permeability. 
These results are based on the assumption that all faults possess similar 
permeabilities, vertical extent and width. Test calculations with individual recharge 
or discharge faults having a higher permeability predict no significant changes for 
the overall system, but hydrothermal fluid flow may be redistributed near faults of 
higher permeability. This suggests, that the permeability distribution among 
individual faults may affect local venting patterns but larger permeability differences 
(> 1 order of magnitude) seem to be required to influence overall heat and fluid flow 
patterns. 
3) Variation in the fault penetration at different locations (recharge and 
discharge fault, proximal and distal to heat source) predicted only an increase in fluid 
flow velocity while discharge temperatures remained unaffected (see figure 4.22 and 
4.23). Shorter faults however, as seen for the Panorama deposits (fig. 5.15) cause a 
reduction in discharge temperature, fluid velocity and discharge duration. More work 
with different numerical models and fault distribution is needed to determine to what 
extent model section geometry and heat source characteristics may influences 
discharge results. Fault width was not tested but based on modeling so far wider 
faults are assumed to generate higher fluid discharge velocities and lower discharge 
temperatures. 
4) Since fault structures are the focus ofmajor fluid and heat exchange and most 
VHMS deposits are in some way connected to subsurface fault systems it is 
suggested here that fault spacing and distribution control the location and to some 
extent the size and mineralogy of ore deposits rather than the size of developing 
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hydrothermal convection cells as formerly argued by Solomon (1976), Franklin et al. 
(1981) or more recently by Brauhart et al. (1998) and Huston et al. (2001) for the 
Panorama VHMS district. This proposal is supported by results from the Panorama 
model (fig. 5.28), which is well constrained by field data and suggests that only a 
certain fault arrangement will produce the observed alteration patterns and deposit 
locations. While these findings are proposed to apply to the types of settings at 
Panorama and the Lau basin, environments with a significant sedimentary 
component and weak structural control may depend on a combination of convection 
cell size and fault arrangement. 
7.2.2. Rock properties 
Rock permeability changes appear to affect hydrothermal fluid discharge less than 
fault permeabilities, but they still exert an important influence on fluid migration 
while other rock properties such as thermal conductivity or porosity are only of local 
importance. 
High rock permeability limits the life span of the hydrothermal system by 
generating more intense, but a shorter time period of fluid discharge with lower 
discharge temperatures (300°C - 350°C). This is due to higher rock permeabilities 
enabling more intense fluid circulation and greater recharge by seawater, which cools 
down the heat source more effectively. 
Low rock permeability enables higher discharge temperatures (370°C to > 
400°C) and lower discharge fluid velocities by restricting overall fluid flow, allowing 
fluids to heat up before discharging and thus delaying the cooling of the heat source. 
This difference in heat and fluid flow caused by permeability differences could result 
for example in a smaller, high-temperature Cu-Au VHMS deposit at lower 
permeability, compared to a larger massive sulfide ore body with a lower-
temperature Zn-Cu dominated mineralogy at higher permeability values. 
Thermal conductivity and porosity influence hydrothermal activity only on a 
local scale and may enhance hydrothermal circulation and fluid discharge for 
individual faults or in specific areas (i.e. in less permeable rock units, distal to heat 
sources, away from major fault systems). 
Rock as well as fault permeabilities also control the degree and extent of alteration. 
As expected, most intense alteration occurs within and near fault systems while rock 
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alteration is highest in high permeability rocks (e.g. andesite/basalt, volcaniclastic 
units) with less intense alteration distributed elsewhere. Within individual rock units, 
the relative distribution of alteration zonation is determined by fluid flow patterns 
and the shape and size of convection cells, which in turn will depend on the thickness 
of the rock unit and the depth and nature of the heat source. Together with results 
from the fault permeability analysis, the greatest potential for the formation of 
individual significant massive sulfide ore bodies is generally expected to occur: 
• at low rock and fault permeability for faults near the heat source 
• at high fault permeability and low rock permeability for faults away from the heat 
source 
Under these conditions discharge fluid velocities and discharge temperatures are 
high, maximising the transport and precipitation of base metals at fluid discharge 
sites. However, the overall potential for massive sulfide deposition will depend on 
the life span of the hydrothermal system, which is generally maximised at low rock 
and fault permeabilities and depends on the overall evolution of the system, i.e. size 
and depth ofheat source and resulting tectonic activity. 
The development of a hydrothermal system and associate fluid flow may 
occur in several steps and produce a variety of ore deposits. The hydrothermal 
system may start with initially high rock and fault permeability due to young age and 
recent tectonic activity, i.e. heat source emplacement. This creates highly permeable 
fluid flow pathways and a vigorous hydrothermal system is established with high 
fluid flow velocities but lower discharge temperatures. This stage of development 
may produce predominantly Zn-Cu mineralisation at sites of focused fluid discharge 
and effective deposition efficiency. 
As the hydrothermal system evolves and heat is transferred from the heat 
source to the surface (e.g. seafloor), fault and rock permeability will begin to decline 
due to alteration and mineral precipitation. This will increase discharge temperatures 
and may generate Cu-Au deposits. However, high-temperature fluid discharge with 
high fluid velocities for an extended period of time may eventually lead to 
downgrading the metal content in the massive sulfide deposits as sulfides are 
dissolved out and lost to the water column. Once the system wanes due to the decline 
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of heat flow (i.e. exhaustion of heat source, physical removal from heat source), 
temperatures and fluid velocities will drop sharply and low-temperature Zn-Pb 
mineralisation may occur. A more detailed account of ore body zonation as a 
function of rock properties is provided in section 7.3. 
In special environments such as the Panorama district, where the heat source is at a 
shallow depth and all faults have direct access to the heat source, elevated rock and 
fault permeability seem to possess the greatest potential to form massive sulfide 
deposits. This is partially due to the fault distribution, fault spacing and developing 
discharge patterns, which exhibit fluid discharge through faults known to host ore 
bodies only under elevated permeability conditions (see table 5.3). It is speculated 
that the ideal permeability conditions probably vary depending on several factors 
such as fault frequency and distribution, heat source shape and depth, and host rock 
lithology/geometry. It is therefore likely that several 'permeability windows' most 
favorable for massive sulfide formation may exist, depending on local conditions. 
7.2.3.. Geometry and topography 
The geometry of both numerical models studied here is simplified and necessarily 
represents only part of the whole hydrothermal system. As previously discussed in 
chapter 4 and 5, some model limitations with respect to the overall geometry 
occurred, such as fluids rebounding from the side boundaries. However, when 
accounting for these effects, results show that geometry and subsurface/basement 
topography can have a significant impact on hydrothermal fluid migration: 
1) Differences in the rock layer geometry affect fluid flow and discharge 
potential of fault structures and may lead to decreased hydrothermal activity near 
rock unit boundaries. 
This effect is simply due to the permeability distribution of rock units and the 
location of faults within them. A fault that is located in and surrounded by a more 
permeable rock unit will experience more fluid discharge than faults situated in less 
permeable rocks or smaller rock packages, provided the heat supply is similar. 
Similarly, a fault that although within permeable rock packages is bordered by low-
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permeability rocks (i.e. fault 5 of the Panorama model; see figure 5.6 and chapter 
5.3.1.2.) may exhibit lower/different hydrothermal activity compared to other faults. 
2) .Surface topography by itself has a limited effect on fluid flow whereas is 
subsurface topography affects heat and fluid flux in submarine hydrothermal systems 
to various degrees. 
As shown in figure 7.4, discharge temperature and fluid velocities for simulations 
with a modified surface topography are very similar to those with the original 
topography. Changes relating to discharge duration are attributed to differences in 
the subsurface rock layer geometry and thickness necessitated by the change in 
surface topography, causing a shift in fluid discharge between faults (see also figure 
4.27). 
3) Differences in basement topography (i.e. downshift of low-permeability 
gabbro unit) affects fluid flow on a larger scale and predicts higher discharge 
temperatures and fluid velocities for all discharge faults with longer overall discharge 
duration. 
The increase in hydrothermal activity for all discharge faults is caused by an increase 
in the thickness of individual stratigraphic layers connected with the basement 
topography modifications (fig. 7.4). This change predicts the formation of larger 
convection cells and deeper fluid migration, which shift the volume of discharging 
hydrothermal fluids of individual faults (see figures 4.30 and 4.31) and produces a 
more intense hydrothermal system. Changes seem to be more pronounced for the 
axial fault, which is likely connected to the major rearrangement of fluid flow 
beneath the topographic depression. Whether the preference of the central fault is due 
to the specific geometry and heat source placement, or fault spacing and distribution, 
will require further work with a variety ofdifferent model section geometries. 
4) Changes in side boundary conditions (open to fluid flow) to include fluid flux 
from other regions enhances lateral fluid influx to boost hydrothermal activity of off-
axis faults, depending on the nature of the fluids (i.e. cold seawater influx or hot 
fluids transferred from other heat sources/reservoirs) and the permeability 
distribution of the system. 
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Results from opening previously impermeable side boundaries to fluid flow from the 
outside (chapter 4.4.5. and 5.5.3.4) indicate that depending on the nature of the fluid 
influx (hot fluids from another hydrothermal reservoir or cold seawater), 
hydrothermal activity for faults close to the boundary may be significantly enhanced 
(fig. 7.4). This applies especially to faults surrounded by permeable rock units or 
close to side boundaries (faults I and 7 of the Lau basin model; figure 4.3; fault I of 
the Panorama model; figure 5.6) while other faults, either distant from the side 
boundary or bordered by lower permeability rocks (faults 3 to 5 of the Lau basin 
model; faults 4 and 5 of the Panorama model) remain unaffected. It is important to 
remember that additional fluid influx as shown in figure 7.4 for faults I and 7 does 
not necessarily indicate an increase in discharge intensity and duration. Only if fluids 
are either heated during migration, or originate from other hydrothermal reservoirs, 
will these fluids increase hydrothermal activity. Otherwise, cold recharging seawater 
may lead to a decrease in fluid temperatures and clogging of fluid flow pathways by 
precipitating anhydrite, as discussed for example by Lowell and Yao (2001). 
These examples clearly demonstrate the importance of geometry and topography in 
seafloor systems and suggest that submarine hydrothermal systems may undergo 
major changes as the structure of the geotectonic setting evolves. In this regard it is 
important to point out that results presented here apply to a 2-D model section 
showing results of an approximate cross section of the hydrothermal system. In 
reality, heat and fluid transport occur in three dimensions and consequently fluid 
flow may differ depending on the stratigraphy, permeability and fault distribution. A 
few studies have attempted to model hydrothermal convection on the seafloor in 3-D 
models (Travis et aI., 1991; Yang et aI., 1996b; Rabinowicz et aI., 1998; Fontaine et 
aI., 2001) but only Rabinowicz's model was constrained by any field data relevant 
for a 3-D model (surface heat flow) and none of these studies featured rock or fault 
property anisotropy. While results are comparable with certain field observations, 
numerical models currently lack the geological information necessary to produce 
realistic seafloor conditions. Although it can be speculated that fluid discharge may 
occur over a broader area along the fault and significant permeability differences in 
the third dimension might influence regions of fluid recharge, insufficient data are 
available to test these and other assumptions. It is speculated here that fluid recharge 
will occur over relatively broad surface areas, fluid migration at depth is for the most 
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part fracture-controlled and hydrothennal fluid discharge is likely to occur at 
prominent points of structural weakness, such as cross-cutting fault zones. 
7.2.4. Fluid properties 
While numerical simulations did not include fluid chemistry, results from the 
simulation of a 'thennal cracking front' reveal important conclusions regarding the 
limitation of hydrothennal discharge temperatures on the modem seafloor. The 
proposed 'thennal cracking front' (Lister, 1974) and subsequent penneability 
decrease do not limit flu id exit temperatures; modeled exit temperatures (chapter 4 
and 5) are comparable with most field observations (150°C - 400°C) and few exit 
temperatures are higher than the highest temperatures recorded for high-salinity 
fluids in modem systems 0' 420°C, Atlantis II deep, Red Sea; Ramboz et aI., 1988). 
The simulation results presented here are supported by thennodynamic work by Jupp 
and Schultz (2000), who showed that hydrothennal plumes tend to fonn naturally at 
~ 400°C at depth, while high-salinity discharge fluids (e.g. magmatic fluids) may 
reach temperatures up to ~ 440°C, regardless ofpenneability constraints. 
7.2.5 Timing and life span of hydrothermal systems 
Based on simulation results from chapter 4 and 5 a number of conclusions can also 
be drawn with respect to the timing and life span of a hydrothennal system. Mass 
calculations of the fonnation of ore bodies provide constraints on minimum fluid 
requirements, deposition efficiency and the timing of massive sulfide ore body 
fonnation. Hydrothennal fluids of seawater salinity, carrying ~ 10 ppm Zn+Cu+Pb 
with a deposition efficiency of ~  10 percent, are required to fonn significant massive 
sulfide ore bodies within a reasonable time frame, i.e. :s 5,000 years. Fluids carrying 
lower amounts of base metals in solution are unlikely to accumulate sufficient base 
metals to fonn major deposits, while fluids with poorer deposition efficiency will 
take much longer to deposit sufficient base metals. 
Salinity variations and their effect on metal solubility were not considered in 
the modeling, but it is recognised that an increase in fluid salinity (i.e. addition of 
magmatic fluid, phase separation, evaporite dissolution) would increase the metal-
carrying capacity of the fluids and improve the chances of fonning significant ore 
bodies. Overall, fluid flow, discharge duration and the life span of the hydrothennal 
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system is controlled by a) the nature, depth, and size of the heat source, and b) the 
temporal permeability distribution in rock units and faults. 
7.3. CONTROLS ON REGIONAL AND LOCAL FLUID FLOW IN VHMS 
HYDROTHERMAL SYSTEMS 
The general evolution of a submarine hydrothermal system and the formation of 
VHMS deposits proposed here is shown in figure 7.5, where deposit formation in 
oceanic crust is represented by a slow-spreading, sediment-covered ridge setting. A 
sediment-covered spreading centre is used here to demonstrate the evolution and 
fluid migration of seafloor hydrothermal systems into off-axis regions and emphasise 
the influence of a central depression on fluid flow, heat distribution and the location 
of ore body formation. The general aspects of a sediment-covered spreading center 
have already been established in Chapter 4 (see for example figure 4.3). This 
summary of ore deposit evolution is based on previous published research combined 
with the fmdings of this study. 
7.3.1. Heat and fluid flow 
Early in the life of the rifting process rock and fault permeabilities are likely to be 
high due to the young age of the crust and the creation of fault structures associated 
with the production of new crust, which gradually moves away from the heat source 
(fig. 7.5 A). Fluid flow patterns show intense fluid circulation within the most 
permeable rock units (commonly andesite/basalt layer) and major fluid migration 
occurs via the major syn-rift fault system. Fluid discharge occurs directly above the 
heat source but also further away from the magma chamber, alternating with fluid 
recharge sites, controlled by the fault pattern and the size of convection cells. There 
is also lateral fluid flow occurring within the upper part of the stratigraphy and along 
the sheeted dike - gabbro boundary, channeling fluids to more remote off-axis faults. 
This confirms predictions of previous studies, which argued for significant fluid flow 
in the deeper portion of oceanic crust, i.e. within the sheeted dike layer (e.g. Lowell 
and Bumell, 1991; Sleep, 1991; McCollom and Shock, 1998; Lowell et aL, 2003). 
High discharge fluid velocities are recorded for faults in the rift axis in the vicinity of 
the magma chamber, since these fluids have the shortest migration path and 
experience the largest buoyancy forces. 
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Figure 7.5 Schematic evolution of a sediment-covered mid-ocean ridge spreading centre with 
regard to heat and fluid flow. A - The initial stage is characterised by high faultpermeabilities allowing the 
establishment of a hydrothermal convection scheme, which is determined by fault spacing. Major 
hydrothermal fluid discharge is expected to occur above the heat source but more distal off-axis faults also 
experience significant fluid flux. B - As the rift system evolves, the hydrothermal system transforms into a 
central recharge zone with major fluid discharge occurring at more distant fault locations. This suggested 
change is caused by the penetration of the hydrothermal convection system into the top of the heater, 
establishing a boundary zone, which to some extent controls the fluid migration along basement 
topography. Overall, the largest VHMS deposits are expected to form at off-axis topographic elevated 
positions depending on the depth of the heat source and the permeability history of individual faults. 
Significant massive sulfide deposition may also occur above the magma chamber especially if the 
boundary zone is repeatedly disturbed by magmatic activity. Size of dots show relative size/amount of 
accumulated massive sulfides and colours refer to discharge temperature and velocity. Sites of high 
temperature fluid discharge (red dots) are expected to show a larger percentage of high-temperature ore 
mineralogy (i.e. high amounts of chalcopyrite) compared to lower-temperature discharge locations, 
which will be sphalerite-galena rich or simply pyrite. Thickness offaults indicates relative permeability 
and red arrows signifY the release ofmagmatic fluids; black arrows illustrate the main tectonic movement. 
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Off-axis faults have lower discharge velocities but higher discharge temperatures, 
since the fluids migrate further through the subsurface and are not continually 
exposed to cold, recharging seawater. The general recharge - discharge pattern at this 
stage will depend primarily on fault spacing, while discharge temperature and 
velocity distribution is controlled by the relative distance of off-axis faults from the 
magma chamber. 
As the rift basin evolves and the magma chamber begins to cool due to 
significant hydrothermal fluid circulation, the hydrothermal system begins to expand. 
Fluid flow will penetrate deeper, into the outer zone (transition zone) of the 
magmatic intrusion, and establish a boundary zone at the magmatic - hydrothermal 
interface, comparable to the thermal cracking front (fig. 7.5 B). This boundary may 
act to regulate heat and fluid flux across the interface and advances the seawater 
penetration into the outer shell of the heat source. This process is suggested to 
transform the hydrothermal convection pattern from an alternating recharge -
discharge pattern to a large, central recharge zone with distinct peripheral off-axis 
discharge regions. The establishment of this recharge zone is due to the draw-down 
of seawater which causes a decrease in the overall temperature profile and a decrease 
in fault and rock permeability due to thermal shrinkage and the precipitation of 
minerals such as amorphous quartz and anhydrite within the fault system. While this 
process is probably not pervasive and may not constrain the temperature of emerging 
fluids above the magma chamber, it forces fluids to travel along basement highs to 
off-axis hydrothermal discharge sites well removed from the heat source. These off-
axis faults are now the main sites of hydrothermal fluid discharge, which, due to the 
relative isolation of fluid pathways from rapid cooling, can be sustained for a long 
time, generating high-temperature fluid discharge at topographic off-axis highs. This 
pattern is observed for the Lau basin from numerical simulation results (chapter 4) 
and field observations (Fouquet et aI., 1993). Depending on the rock lithology, 
permeability distribution, and the depth and nature of the heat source, hydrothermal 
fluid discharge will still be observed above the axial magma chamber, but due to the 
central location of the recharge zone, discharging fluids are expected to show lower 
temperatures and the resulting massive sulfide accumulation is likely to be less 
significant compared to the total ore deposition at elevated off-axis topographic 
positions. 
256 
Chapter 7 An integrated model ofVHMS formation 
While the processes mentioned above apply to heat and fluid migration in general, 
factors that may become important on a local scale include other rock properties such 
as thermal conductivity and porosity and to a certain extent fault depth and dike 
intrusion as shown in figure 7.6 A. The relative influence of these factors with 
respect to fluid discharge velocity and discharge duration clearly demonstrates that 
rock properties (fault and rock permeability) and the nature and location of the 
involved heat source are the most crucial parameters in determining the mineralogy 
and size of VHMS deposits while other factors may still be important on a local 
scale. The inverse relationship of fluid velocity and discharge temperature is 
illustrated in figure 7.6 B, where low fault permeabilities may lead to the formation 
of smaller but high-temperature Cu-Au ore deposit, while high fault permeabilities 
would suggest the generation of a larger, but low-temperature mineralisation (Zn-
Cu). For intermediate permeability values deposits are predicted to display a mixture 
of ore mineralogy. These assumptions depend on the deposition efficiency and heat 
supply (life span) for individual sites of sulfide accumulation. 
The same general principles described above will apply to other geotectonic 
environments such as back-arc basins or continental rift settings. Differences can be 
expected with regard to the size and base metal content of ore bodies, depending on 
the life span of hydrothermal systems (i.e. depth and size of heat source) and the 
primary host rock lithology (i.e. mafic vs. felsic vs. siliciclastic rocks). 
7.3.2. Ore body formation 
Three types of discharge fluids can be distinguished based on numerical simulation 
results (see figure 7.5): high temperature fluids (> 370°C, red dot), high velocity 
fluids (> 5xlO-6 rn/s, black dot) and low temperature/low velocity fluids (blue dot). 
As noted before, discharge fluid velocities here refer to the overall length and width 
of the discharge fault and are lower than measured seafloor values. When converted 
to the size of single vents (e.g. 10 x 10 cm), they are in good agreement with field 
observations (~  3 rn/s). While the ore mineralogy, reflected by the relative amounts 
of high-temperature and lower-temperature ore minerals, is a function of discharge 
temperature, the size of individual deposits (i.e. size of circles in figure 7.5) will also 
depend on the overall fluid velocity and the projected discharge duration. 
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Figure 7.6 A - Sphere of influence of main sensitivity analysis parameters used in the modeling 
process. Fault properties along with the location ofthe heat source are clearly exerting the most influence 
on discharging hydrothermal fluids and the duration of the hydrothermal system. Rock permeability and 
geometry have less overall control but can still significantly alter discharge temperatures, while most 
other parameters are predicted to be oflocal importance, i.e. for single faults. B - The inverse relationship 
ofdischarge temperatures and fluid velocities as a function offault permeability emphasises the role fault 
permeability seems to play in the development of different types of ore bodies. Depending on the 
deposition efficiency and heat supply high fault permeability may form a large, lower-temperature 
deposit (Zn-Cu), while lower fault permeabilities could produce a smaller, but higher-temperature ore 
body (Cu-Au). Although the range offault permeability shown here is restricted to some degree by the 
modeling software, preliminary calculations with higher and lower faul t permeability show no significant 
differences, suggesting that the range of fault permeability shown is representative of hydrothermal 
systems. 
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Ore body zonation 
The temperature evolution and associated ore body zonation is illustrated in figure 
7.7 (adapted from Large, 1992). Initially, high fault permeability will yield lower-
temperature (250°C - 300°C) fluids and the formation of predominantly Zn-Pb 
massive sulfides in the axis of the rift (fig. 7.7 B). As the hydrothermal system 
evolves and initial discharge sites rift away from the heat source, discharge 
temperatures for these locations increase to values of 250°C - 380°C. Such higher 
temperature fluids are capable of carrying greater amounts of Cu and Au, in addition 
to Pb, Zn, and Ag (Large, 1992) and thus Cu-Au+Zn-Pb-Ag ore bodies are predicted 
to form (fig. 7.7 C). The temperature dependence on metal distribution and metal 
content ofVHMS deposits has been demonstrated earlier (e.g. Large, 1977; Ohmoto, 
1983; Large, 1992; Hannington et aI., 1995) and discussed in chapter 5 (see also 
figure 5.22). 
Under certain conditions (i.e. low rock and fault permeabilities) some off-axis 
faults may exhibit discharge temperatures above 380°C. The resulting massive 
sulfide ore bodies will exhibit a more complex ore mineral zonation caused by the 
dissolution and reprecipitation of the more soluble sulfide minerals ('zone refining' -
Hannington and Scott, 1989; Huston and Large, 1987; fig. 7.7 D). As simulation 
results in figure 7.7 show, the hydrothermal systems may also produce very high 
fluid discharge temperatures (> 400°C; E in figure 7.7) for an extended period of 
time. This would actually lead to the downgrading of the metal content of the 
deposit, as sulfides are 'dissolved-out', carried away by discharging fluids and lost to 
the water column. The resulting ore body would be composed mainly of pyrite with 
lesser amounts of zinc, copper and lead, making this type of deposit probably 
insignificant. 
When the hydrothermal system wanes, either due to the interruption of fluid 
migration pathways in the subsurface, the end of magmatic activity, or the removal 
of discharge sites past a certain point, fluid discharge temperatures will drop below 
200°C and some low-temperature pyrite may be added to the ore body (fig. 7.7 A). 
In contrast to ore mineralogy, the size of individual ore bodies is controlled by all 
aspects of the hydrothermal fluid discharge (temperature, velocity, duration) while 
the shape will depend on the mode of sulfide accumulation and seafloor topography 
at site of deposition. 
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Figure 7.7 Discharge temperature evolution and its implications for the formation and content ofore 
bodies. Actual temperature profiles for key simulation conditions are shown in the upper graph, detailing 
the range ofore minerals that may form a massive sulfide ore body. Results show a development from B) 
low-temperature (150°C-250°C), Zn-Pb ore to C) Cu-Au and Zn-Pb ore bodies at higher temperatures 
(250°C-350°C). D - Temperatures above 350°C would create a repetitive zoned ore body due to 'zone 
refming', where sulfides previously precipitated are dissolved and reprecipitated to form multiple layers 
ofZn-Pb and CU±Au ore. E - Ifvery high discharge temperatures (> 400°C) are sustained for a significant 
period oftime, a large part ofaccumulated base metals may be 'dissolved-out', leading to a down-graded 
massive sulfide deposit composed mainly of pyrite. Fluid discharge at temperatures below ~ 200°C, as 
predicted for some simulations (i.e. short fluid discharge for primary recharge faults), would deposit small 
amounts ofpyrite (A). The evolution ofa hydrothermal system may then be 'reconstructed' based on the 
type and complexity of ore bodies and conclusions about the general development of rock and fault 
permeability couldbe drawn (schematics and orezone boundaries from Large, 1992). 
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Mound-style deposits are produced when hydrothermal fluids ascend directly to the 
seafloor and react with seawater such as black smoker type systems at mid-ocean 
ridges and seamounts (Lydon, 1988). Sheet-like ore bodies are more likely to form in 
sediment-covered environments where hydrothermal fluids permeate into sediments 
where they precipitate base metals as sheets and lens-shaped ore bodies (e.g. Large, 
1992). Similar ore deposits also form when local conditions allow the development 
of brine pools, where hydrothermal fluids discharge into a dense brine, reverse 
buoyancy and form layered deposits (Solomon et aL, 2002). 
Ore body location and distribution 
The location of VHMS deposits relative to the associated heat source, rift axis and 
stratigraphy is controlled by a) the geotectonic environment, b) the spacing and 
distance of fault structures relative to the heat source, and c) the permeability 
distribution in the subsurface. On a local scale the location of ore deposits is 
determined by fault spacing and the subsequent development of convection cells (i.e. 
recharge and discharge faults) while the location of ore bodies regionally seems to be 
controlled by the position of faults relative to the heat source (i.e. faults at 
topographic highs). Significant ore bodies are predicted to form above a single 
magma chamber and also at off-axis elevated topographic positions. Under these 
conditions, the occurrence of VHMS deposits is mostly a function of fault location 
relative to basement topography rather than fault spacing itself. Likewise, different 
basement/heat source structures assumed to exist beneath continental rift settings 
might produce other ore body distribution patterns. For example, ore body size may 
decrease as a function of distance from the axis, or larger deposits may alternate with 
smaller deposits (fig. 7.8). Overall, the distribution of ore bodies will likely depend 
on a complex interplay between the factors discussed and, there may not necessarily 
exist any clearly defmed or predictable distribution patterns. 
7.4. PRESERVATION POTENTIAL AND CRITERIA FOR WORLD-CLASS ORE DEPOSIT 
FORMATION 
The most important aspect controlling the size of a VHMS deposit, besides a long-
lasting hydrothermal system, a permeable fault system and voluminous, high-
temperature fluid discharge, is its preservation potential. 
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Figure 7.8 Possible ore body distribution patterns for different geotectonic environments. A -
In seafloor environments with a single, clearly defined heat source and elevated marginal basement 
topography, ore deposits are predicted to form both in proximity of the heat source and at off-axis 
topographic highs. The ultimate size of individual deposits will depend on the efficiency of fluid flow 
pathways and deposition efficiency. B - In settings involving significant portions of felsic crust, heat 
sources may be less clearly defined and ore body formation is determined by local differences in the 
heat source topography, resulting in diverse distribution patterns, i.e. decreasing deposit size in one 
direction and/or changing deposit size with no apparent connection to surface features in another 
direction. 
Preservation 
While the covering of accumulated massive sulfides, either by seafloor sediments, 
hydrothermal precipitates (e.g. barite cap) or subsequent burial due to volcanism or 
sedimentation, will preseIVe the deposit from being destroyed in the short term, the 
long-term sUIVival of VHMS deposits will depend on their location within the 
geotectonic setting. Figure 7.9 A illustrates the interpreted relationship between 
geotectonic setting, deposit size, and preseIVation potential. The general increase in 
both preseIVation potential and deposit size is directly linked to the type of 
geotectonic environment and specifically to the amount of felsic crust within the 
realm of the hydrothermal systems. Barren, mid-ocean ridge settings and evolved 
262 
Chapter 7 An integrated model ofVHMS fonnation 
back-arc basins, consisting mostly of mafic rocks, are considered to have the lowest 
preservation potential, although individual deposits may be significant (e.g. Middle 
Valley/Juan de Fuca ridge - Herzig and Hannington, 1995). The low preservation 
potential is due to the fact that ore bodies formed in these environments are either 
subducted or otherwise eroded due to insufficient sediment cover. 
As the amount of felsiccomponents increases, deposit size and preservation 
potential increase. Continental settings are environments which have the potential to 
host and preserve the largest VHMS deposits known today, such as the Rio Tinto 
deposit (> 300 Mt) in the Iberian Pyrite belt, Spain. In these environments, deposits 
are either directly formed within thick sediment packages or are rapidly covered with 
substantial amounts of sediments, which prevents easy removal and destruction of 
ore bodies. By comparison, intracontinental sedimentary rifts are also host to the 
largest Pb-Zn deposits (SEDEX) with the greatest preservation potentiaL 
Metal ratios and geotectonic setting 
In terms of metal content, deposits seem to follow a clear pattern of copper-rich and 
lead + zinc poor massive sulfides forming in mafic-volcanic environments dominated 
by oceanic crust, while zinc + lead-rich deposits commonly lack copper and are 
found mostly in settings involving significant amounts of continental crust and felsic-
volcanic rocks (fig. 7.9 A). Gold exhibits variable concentrations but seems to be 
most abundant in hydrothermal systems associated with back-arc rifting, according to 
Hannington et aL (1999). This assertion depends on the data used; while Herzig and 
Hannington (1995) argue for a gold enrichment in intracontinental settings (average 
3.8 g/t), Barrie and Hannington (1999) reason for a gold enrichment in mafic settings 
(average 2.5 g/t; see figure 7.9 A). This again emphasises the insufficient and biased 
sampling of modem seafloor base metals deposits. The correlation between copper-
rich ores, hosted by mafic rocks, and lead-rich deposits in felsic rocks agrees well 
with the relative base metal ratios of these rocks, i.e. mafic rocks contain at least 
twice the amount of copper than felsic rocks but little lead (Stanton, 1991). However, 
discrepancies occur between the zinc content of the host rocks and mineral deposits. 
Stanton (1994) argued that the base metal content of massive sulfide deposits 
in general, and the Zn content in particular, is related to a specific magmatic-volcanic 
event such as a particular stage of magma crystallisation/differentiation, which 
produces the metal ratios observed. 
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Figure 7.9 A - Metal relationships, deposit size and preservation potential for the major 
tectonic settings for VHMS deposits (previous page). A clear trend exists between deposit size, 
preservation potential, and metal type. Deposit size and preservation increase as a function of 
involvement of felsic components and stability of geotectonic setting. Continental settings host mostly 
Zn and Pb-rich deposits while mafic systems are copper-rich and show lower Zn and Pb grades, which 
is not entirely in agreement with host rock base metal data (see text for explanation). Gold seems to be 
highest in back-arc rifts but in addition enrichment in mafic settings is also proposed by some workers 
(see text). B - The general time line of hydrothermal activities provides a sequence and duration of the 
main events relating to ore body formation. The onset of both the hydrothermal system and 
hydrothermal fluid discharge is predicted to occur within about 1,000 years after the emplacement of 
the heat source. While the formation of an economic ore body (10 Mt at 10 % Cu+Pb+Zn) may take 
anywhere from 800 to ~ 6,000 years, a world-class or 'giant' ore body (> 3.7 Mt total Zn + Cu) is 
predicted to form after about 38,000 years. A 'supergiant' deposit (> 36 Mt total Zn+Cu) would 
require a higher metal content of the fluid and/or much higher deposition efficiency and may be 
formed between 100,000 and - 230,000 years, depending on the base metal content and deposition 
efficiency. The formation of such large deposits probably requires special circumstances, i.e. 
continental back-arc rift setting and large heat source, which may explain the scarcity of such large 
deposits. Total hydrothermal activity may last ~500,000  years or longer depending on the nature of the 
heat source, rock permeability, and tectonic activity. 
This mechanism would explain the connection between the short-lived felsic 
volcanism and ore deposition, as well as the concentration of ore bodies in one or 
two horizons of the relevant volcanic stratigraphic sequence. However, this process 
essentially assumes that the aforementioned specific crystallisation/differentiation 
event would occur every time and doesn't seem to take into account factors such as 
variable melt contamination by other crustal components (i.e. in continental-
influenced settings) or other processes, which will surely influence the magma/melt 
processes and chemistry. 
An alternative explanation for this discrepancy is that in the hotter mafic 
systems, zinc is 'dissolved-out' of the massive sulfides by the continuos venting of 
hot hydrothermal fluids resulting in a deposit with a relatively higher CU/Zn ratio as 
discussed by Large (1992). Since copper is less soluble than zinc in reduced 
hydrothermal fluids, it remains behind in the ore body. On the other hand, in felsic 
environments the overall temperature of the hydrothermal cell and discharge fluids is 
generally lower and thus little or no zinc removal occurs in the seafloor deposit. This 
temperature control describes the base metal zonation within VHMS deposits very 
efficiently and is the most likely factor controlling the ore mineral zonation within 
the ore body. Since the model assumes that the majority of base metals are leached 
from the footwall, as shown for example in the Panorama VHMS district modeled 
here (Brauhart et aI., 2001) it does not fully explain the zinc discrepancy. 
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An additional process is proposed here, that - in conjunction with those discussed by 
Large (1992) and Stanton (1994) - may offer a better explanation for the zinc content 
of VHMS deposits. Most mafic-dominated VHMS deposits lack a barite (or other 
mineral precipitate) cap, which may allow for a different or selective hydrothermal 
system evolution (M. Solomon, pers. comm, 2003). Initially, the precipitation of 
large amounts of anhydrite in the subsurface, due to mixing of hot fluids with cold 
seawater, may incorporate substantial amounts of zinc into the subsurface framework 
and prevents to some extent the removal of zinc (fig. 7.10). In mafic-dominated 
systems, the lack of such a cap would encourage the removal of base metal from the 
system by, a) the eventual dissolution of zinc from the framework structure and 
venting onto the seafloor, or b) the entrainment of seawater, causing anhydrite 
dissolution due to its retrograde solubility. 
The formation of a sizeable barite cap, as seems to be the case in most felsic-
hosted hydrothermal systems, significantly reduces the capacity of hydrothermal 
fluids to 'dissolved-out' zinc in significant amounts or to dissolve the anhydrite 
framework. Copper is unlikely to be affected to a large degree, since it is much less 
soluble and will not be removed as easily as zinc. Lead is so low in abundance in 
mafic hydrothermal systems, that it's concentration will not be affected. It is 
proposed that the combination of all three processes outlined above may explain a) 
the connection between the short-lived felsic volcanism, ore deposition, and the 
concentration of ore bodies in 'favorable' stratigraphy horizons, b) the ore mineral 
zonation within ore bodies, and c) the apparent zinc discrepancy between the host 
rock base metal content and observed ore body base metal content. These processes 
may contribute to the hydrothermal system to varying degrees to produce the variety 
of ore bodies and base metal grades found in a variety of settings. 
The large preservation potential of intracontinental rift settings illustrated in figure 
7.9 is also responsible for the formation of some of the largest SEDEX deposit (e.g. 
Howards Pass - 550 Mt, Goodfellow and Jonasson, 1986; HYC - 270 Mt, Gustafson 
and Williams, 1981). Although SEDEX deposits are sediment-hosted sulfide 
deposits, the distinction between VHMS and SEDEX deposits is often difficult to 
make, especially for metamorphosed deposits (Ohmoto, 1996). SEDEX deposits 
consist mainly of zinc and lead with lesser amounts of silver, contained in stratiform 
sulfide bodies with aspect ratios of> 20. 
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Figure7.10 Evolution of different ore bodies in the presence or absence of a barite cap. A - The 
fonnation ofa sizeable barite cap found in most felsic systems may prevent the 'wash-out' ofzinc and the 
dissolution ofanhydrite in the subsurface. Base metals are retained in the ore body and high-grade Ba-Zn-
Pb-Cu massive sulfide deposits fonn. B - Mafic-dominated hydrothennal systems usually lack a barite 
cap and as a consequence, base metals are removed from the ore body and underlying anhydrite 
framework, leading to the fonnation oflower-grade Zn-Pb-Cu ores with a large proportion ofpyrite. This 
process will mainly affect the amount ofzinc, since Cu is much less soluble than zinc and Pb is so low in 
hydrothennal systems, that it's concentration will not be greatly affected. 
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They form under conditions similar to VHMS deposits, i.e. from the discharge of 
hydrothermal fluids onto the seafloor and represent more than 50 percent of the 
world's zinc and lead reserves (Goodfellow et aI., 1993). 
Timing ofhydrothermal systems and world-class deposits 
A time line based on the simulation results of chapter 4 and 5 showing the intervals 
required to produce 'average' and world-class VHMS deposits is provided in figure 
7.9 B. World-class or 'giant' deposits are defined here as deposit with 2: 2 Mt ofCu 
or 2: 1.7 Mt of Zn, and 'supergiant' deposit contain 2: 24 Mt of Cu or 2: 12 Mt of Zn 
as defined by Singer (1995). 
Shortly after the emplacement of a heat source, hydrothermal convection and 
the commencement of fluid discharge is predicted to occur within about 10 years. 
Depending on rock and fault permeability, as well as the depth of the heat source, the 
onset of fluid discharge may be delayed until about 5,000 years after the 
establishment of a magma chamber at depth. Hydrothermal fluid flow, capable of 
carrying significant base metal concentrations (T > 150°C) may start 600 to 800 
years later, and can continue for a long time (~  230,000 years) for individual faults, 
comparable to simulation results from Cathles et al. (1997). Based on an average ore 
body of 5 Mt with 10 percent Cu+Pb+Zn, such a deposit may take anywhere between 
800 and about 6,000 years to form, assuming reasonable conditions, i.e. 10 ppm total 
base metal content of the fluid and 10 percent deposition efficiency. 
Using the same criteria, calculations for the formation of a world-class or 
'giant' deposit (> 2 Mt total metal) point to a time frame of ~  38,000 years. 
Supergiant ore deposits - defined as deposits with more than 12 to 24 Mt of total 
metal - probably require a higher than average base metal content in the 
hydrothermal fluid. A fluid containing only 10 ppm base metal would need a very 
high deposition efficiency (~  90 %) to produce an appropriate ore body before the 
system shuts down. Assuming a fluid containing ~  100 ppm base metals, 
approximately 12 percent deposition efficiency would be needed to produce a 
supergiant deposit in about 100,000 years. Therefore, a time frame between 100,000 
years and ~ 230,000 years is suggested here for the formation of a supergiant VHMS 
deposit, depending on the base metal content and deposition efficiency of the 
hydrothermal fluid. While some discharge fluid sites may never manage to 
accumulate enough metal to produce a world-class or supergiant ore deposit, the 
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suggested time of formation could explain, why the majority of VHMS deposits are 
smaller and only few deposits reach· or exceed the size, requisite for a world-class 
deposit. 
Most hydrothermal systems, while they may be active for a long time (~  
500,000 years, figure 7.9 B), are likely restricted with regard to the effective life span 
of individual deposition sites due to tectonic and chemical processes and their effects 
on fault permeability, such as the disruption of flow paths or the clogging of fault 
systems by mineral precipitation. Therefore, most VHMS deposits formed in 
tectonically active settings, such as seafloor-dominated environments, are restricted 
in size by the short life span of effective hydrothermal fluid discharge. It is suggested 
that only under ideal conditions, i.e. a stable geotectonic environment and good 
preservation potential, such as continental back-arc rift settings, will world-class or 
supergiant deposits form. 
7.5. EXPLORATION IMPLICATIONS 
Some of the results from numerical simulations suggest that certain aspects may be 
useful for the exploration of VHMS deposits. 
1) The modeling may provide critical information on the sites of potential 
VHMS deposits in a given district. However, this will only be the case where good 
quality geological mapping is available to assess the location and spacing of syn-
volcanic faults, depth to heat engine and permeability of rock units. 
2) Results could aid in the search for deposits distal to known or inferred heat 
sources, in interpreted off-axis positions. This would be useful especially in ancient 
seafloor environments or in regions where there is other relevant information 
available, i.e. the subsurface distribution/relationships of the heat source 
3) Numerical modeling may also help to (re)examine the distribution patterns of 
ore bodies within individual VHMS districts. A combination of ore deposit size, 
spacing, fault distribution and available heat source information may help to 
determine the location and expected size of additional exploration targets. 
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While some of these aspects will depend on the availability of comprehensive 
geological data and may be investigated by additional fieldwork, other features may 
be tested with the help of numerical models, since the accessibility and amount of 
information for certain parts of hydrothermal systems (e.g. position of magma 
chamber) is limited. 
For the Panorama district for example, numerical modeling can be used to 
further investigate the region between the Kangaroo Caves and Bemts deposit to 
explore for an additional ore deposit. Additional sampling and analysis of fluid 
inclusions and vein material related to the Cu-Zn-Sn mineralisation may also help to 
gain more insight into the role of a magmatic fluid contribution to the hydrothermal 
system. Numerical modeling may also be applied to the Mount Read Volcanic belt in 
Tasmania, where a number of VHMS deposits have been linked to known granites 
(Large et aI., 1996), but no clear connection could be established. Together with the 
occurrence of several porphyry bodies in the north of the belt (e.g. Bond Range 
Porphyry; Pemberton et aI., 1991) they represent a potential heat source for the 
formation of VHMS deposits located nearby such as Rosebery, Henty, Que River or 
Hellyer. With additional geophysical and geological evidence a representative 
numerical model could be created to test, which known ore deposits may form based 
on inferred heat source depth, distance and known fault distribution. These rmding 
may then be used to check, whether previously unexplored fault structures have the 
potential to host additional massive sulfide mineralisation. 
7.6. FUTURE RESEARCH OUTLOOK AND RECOMMENDATIONS 
This study demonstrates that numerical modeling is a powerful tool to investigate the 
evolution of hydrothermal systems, characterise crucial aspects of heat and fluid 
migration in submarine volcanic environments, and draw important conclusions 
regarding the formation of VHMS deposits. Results from the Panorama and Lau 
models demonstrate that computer-based modeling is capable of reproducing 
important aspects of ancient and modem seafloor hydrothermal systems such as heat 
and fluid migration pathways, fluid discharge temperatures, the general alteration 
zonation and distribution of known and potential ore deposits. While certain aspects 
of the migration of hydrothermal fluids can be successfully simulated and important 
conclusions drawn regarding hydrothermal fluid flow paths and conditions of 
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massive sulfide formation, there are a number of aspects, which are worthy of further 
investigation in more detaiL To gain a better understanding of how certain processes 
operate on a local scale and how the chemistry of both fluids and rocks influence 
each other and the formation of massive sulfide ore bodies, this work could serve as 
a starting point to study the following features: 
• alteration distribution and chemistry of individual rock units and the influence of 
hydrothermal fluids and changes in its chemistry by using reactive transport 
modeling to combine heat and fluid flow with rock and fluid chemistry 
• investigate the large-scale permeability distribution of a) different rock types, b) 
individual rock units in ancient and modem VHMS systems with regards to their 
role in channeling fluid flow and c) changes in physical properties of volcanic 
rock (e.g. porosity, compaction, permeability) as a function of fluid rock 
interaction and subsequent hydrothermal alteration 
• gain more insight into the subsurface geology and lithology of rock units as well 
as the depth, distribution and morphology ofheat sources where possible 
• conduct numerical modeling to study the variation in fluid salinity and interaction 
between magmatic fluids and seawater during the formation of submarine 
hydrothermal systems 
• use results from this and other/future studies to construct three-dimensional 
models of seafloor hydrothermal systems if geological information is available 
Field evidence in conjunction with computer modeling may enable better constraints 
to be placed on the conditions necessary to form large, world-class VHMS deposits 
and help in the formulation of new exploration strategies in a variety of geotectonic 
terrains. 
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